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CALDERAS 
How e l  Williams 
Terminology 
Calderas are "large volcanic depressions, more or less c i r cu la r  or 
cirque-like in form, the diameter6 of which are many times grea te r  than those 
of the included vent or vents, no matter w h a t  the steepness of the walls o r  
form of the floor" (Williams, 1941). When t h i s  statement w a s  wri t ten,  i t  was 
generally assumed that a l l  intra-caldera vents were approximately cy l indr ica l  
conduits; s ince then, however, i t  has been found tha t  many vents within calderas 
and along t h e i r  margins are arcuate f i ssures ,  presumably surface expressions of 
cone-sheets and ring-dikes. 
still retained. 
Nevertheless, the 1941 def in i t ion  of calderas is 
Deep erosion of calderas commonly reveals  ' r ing complexes' composed 
of arcuate  and c i r cu la r  intrusive bodies. 
cribed w a s  t h a t  of Glencoe, Scotland. This crudely c i r cu la r  s t ruc tu re  was re- 
ferred t o  as a cauldron subsidence formed by foundering of a cy l indr ica l  block 
of the crust i n t o  an underlying body of magma (Clougb, Maufe, and Bailey, 1909). 
While the block sank, magma rose along the encircl ing fracture ,  "as l iquor  in a 
f u l l  b o t t l e  rises round a s e t t l i n g  stopper", t o  feed a r ing  of volcanoes around 
a surface caldera. A 8  first used, therefore,  the term cauldron subsidence re- 
ferred t o  a mechanism by which a caldera might originate.  
has usually been applied t o  a l l  downdropped blocks enclosed by ring dikes. 
amples include the Tertiary cauldron subsidences of Scotland and Ireland, the 
Jurass ic  ones of Nigeria, the Triassic ones of New &gland, and the Permian 
The first such complex t o  be des- 
Since then, the term 
Ek- 
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ones of the Oslo region, Norway. 
tended the term 'cauldron subsidence' t o  a l l  s t ruc tures  "produced by block 
subsidence, i r respect ive of s i z e  or  shape". Experience shows, however, that 
v i r t u a l l y  a l l  la rge  volcanic basins which are not  oval or c i r cu la r  i n  plan, 
but of irregular shape or bordered by s t r a igh t  w a l l s ,  owe t h e i r  o r ig in  t o  a 
combination of volcanic and tectonic controls;  such basins a r e  be t t e r  spoken 
of as volcano-tectonic depressions because t h e i r  forms are la rge ly  controlled 
by the s t ruc ture  of the sub-volcanic basement. 
North Ieland of New Zealand is an excellent example. 
Unfortunately, some recent writers have ex- 
The Taupo depression in the 
Classif icat ion and  origin of calderas 
Recent s tud ies  of calderas and re la ted  forms necessi ta te  a drastic 
revision of the writer's 1941 claseification. 
of l a rge  cirque-like depressions formed by collapse of the flanks of volcanoes 
as a consequence of steam-blast eruptions as explosion calderas (e.g. Bandai-san, 
Japan, 1888, and the Chaos Crags, near Lassen Peak, California),  but such calderas 
a r e  extremely rare.  It also seems proper t o  continue usage of the term erosion 
calderas f o r  unusually la rge  depressions formed within the summits of volcanoes 
by erosional widening of original craters.  
al l  calderas are products of engulfment, and it is the classi f iCat ion of these 
that concerns us  here. 
It still seems proper t o  speak 
Except for these two types, however, 
Collapses that produce calderas result e i t h e r  from withdrawal of mg- 
Support may be withdrawn from the 
1) 
matic support or from ring-fracture stoping. 
roof of a magma reservoir  in several ways among which the chief seem t o  be: 
rapid and voluminous eruptions of ash, pumice, and scoria ,  mostly as glowing ava- 
lanches; 2 )  e r u p t i a  of f l u id  lavas from rifts on the flanks of shield volcanoes; 
3) subterranean in jec t ion  of magma i n t o  r i f t  zones. I n  each case, i t  is the drain- 
-3- 
b age of the reservoir  that brings about engulfment. But 
r e s u l t  from passive sinking of more o r  less cyl indr ica l  
collapse may a l s o  
blocks i n t o  under- 
l y ing  reservoirs  without attendant drainage. 
ceded by formation of annular f ractures  through tumescence or de-tumescence 
of the volcanic ed i f ice ,  Le. by increase or diminution of magmatic pressure. 
Subsidence may take place whether the roof-rocks have a lower or a higher 
density than the underlying magma; i f  t h e i r  density is lower they can only 
subside t o  an appropriate leve l  i n  the reservoir;  i f  t h e i r  density is higher 
they may subside far enough to  be t o t a l ly  submerged. 
Such sinking is usually pre- 
Five types of collapse-calderas were distinguished in  the writer's 
1941 c lass i f ica t ion .  
m a i  type; 4) Cryptovolcanic type; and 5 )  Glencoe type. 
type is no longer considered valid. 
that some calderas were produced by muffled, subterranean explosions, by abor- 
t i v e  attempts t o  form explosion pipes (diatremes). These %ryptovolcanic cal- 
deras" are usually characterized by a cent ra l  area of up l i f ted  and intensely 
fractured rocks surrounded by a moat of subsided rocks more or less deformed 
by arcuate  fo lds  and f a u l t s .  The central  u p l i f t s  were a t t r i bu ted  t o  deep- 
seated explosions and the surrounding depressions t o  contraction of under- 
l y ing  magma as it so l id i f i ed  and l o s t  its gas. Ugh-pressure forms of s i l i ca  
(coesi te  and s t i shov i t e )  and 'shatter cones' have since been discovered in many 
of these "cryptovolcanoes" , and additional evidence has been obtained t o  show 
that the pumice-like suevi te  associated with the Riesskessel "cryptovo1canot' 
of southern G e r m y  is not volcanic in or ig in  but formed by partial impact- 
fusion of bedrock granites.  
agreement that the supposed cryptovolcanic depressions were produced by the 
These were: 1) Krakatoa type; 2 )  Kilauea type; 3) Kat- 
The cryptovolcanic 
Pr ior  t o  1941, i t  w a s  generally thought 
There is now general, though not y e t  complete 
supersonic impact of meteorites and larger celestial  bodies, 
u p l i f t s  r e su l t i ng  from e l a s t i c  rebound and the arcuate  folds 
t h e i r  cen t ra l  
and f a u l t s  from 
-4- 
\ +. 
! 
L shock waves spreading from the explosion foci.  
Studies made s ince 1941 have a l s o  made i t  necessary t o  redefine 
the K a t m a i  and Glencoe types of caldera; in addition i t  seems desirable  t o  
intoduce some new types. 
Calderas owe t h e i r  origin t o  the  following causes: 
1. Withdrawal of magmatic support. "his r e s u l t s  ch ief ly  from 
subterranean migration of magma from its reservoir  i n t o  rift zones and from 
partial drainage by copious discharge of magma through s u r f i c i a l  vents,  gen- 
e r a l l y  in the form of a sh  and pumice. Magmatic support may a l s o  be withdrawn, 
but only to  a r e l a t ive ly  minor extent, by eruptions of f l u i d  lava from f i s su res  
on the  f lanks of basa l t i c  volcanoe6. "he explosive eruptions that lead t o  for- 
mation of most calderas may issue from the summit-vents of pre-existing volcanoes 
o r  from arcuate f i s su res  on the flanks, but they may also issue from arcuate fis- 
sures that bear no genetic or def in i te  geometric re la t ionship t o  pre-existing 
volcanoes . 
2. Gravitative sett l ing along ring fractures.  This may o r  may not 
be accompanied by surface eruptions. 
r i ng  f rac tures  converge downward; i f  they do, the  intra-caldera deposits may 
se t t le  d i f f e r e n t i a l l y  t o  produce basin shapes o r  s e t t l i n g  may take place with- 
out deformation if the summit of the volcanic ed i f i ce  tumesces su f f i c i en t ly  t o  
cause appreciable widening of the  encircl ing fractures.  If the density of the  
subsiding block is less than that of the underlying magma, the block can only 
subside t o  a cer ta in  leve l  determined by the r e l a t i v e  densi t ies ;  i f ,  on the 
other hand, the density of the subsiding block exceeds that of the magma in 
the upper part of the reservoir  it may s ink u n t i l  a r res ted  by denser layers  
or  by a l ayer  of blocks previously stoped from the reservoir  roof,  as sugges- 
ted by Chapman (1966 1. 
Se t t l i ng  may take place even though the 
-5- 
A Preferred Classif icat ion 
Most calderas or iginate  from a combination of causes; hence no r i g i d  
c l a s s i f i ca t ion  is possible. 
principal groups on the  bas i s  of the  r e l a t i v e  amounts of lava and pyroclast ic  
ejecta involved in t h e i r  formation, and t o  subdivide each of these groups i n t o  
several  types. 
It seems advisable, nevertheless, t o  separate three 
A. Calderas associated with voluminous explosive eruptions of s i l i ceous  
magmas. 
1. Krakatoa type. Collapse r e s u l t s  from copious eruptions of magma 
as pumice falls and pumice flows. 
i s s u e  from the summit-vents of pre-existing composite volcanoes; 
eruptions may also issue from newly opened f i s su res  on the flanks 
of the or ig ina l  cones. 
In  part a t  least, the eruptions 
2. K a t m a i  tyve. Collapse r e s u l t s  from drainage of the cent ra l  con- -
d u i t  of a volcano and perhaps also of some of the  underlying reser- 
voi r  by discharge of magma through adjacent conduits. 
Mount Katmai collapsed i n  1912 when its cent ra l  conduit w a s  drained 
by eruption of ash- and pumice-flows from vents i n  the adjacent 
Valley of Ten Thousand Smokes. 
The top of 
3. Valles type. Collapse follows discharge of colossal  volumes of 
ash and pumice as pyroclastic flows from arcuate f i s su res  unrela- 
ted t o  pre-existing volcanoes. 
generally range from100 t o  1,OOO cubic kilometers. 
of t h i s  type are characterized by u p l i f t  of the f loo r s  t o  produce 
Itresurgent domes". 
The volumes of the  pyroclast ic  flows 
Many calderas 
-6- 
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4 B. Calderas associated with effusive eruptions of basa l t i c  magma. 
1. 
2. 
3* 
Masaya type. 
summits of f l a t t i s h  basal t ic  sh i e ld  volcanoes as magma migrates 
at  depth. Eruptions from arcuate  and r ad ia l  rifts play no part 
in caldera formation. 
Form by repeated collapses of vents within the 
H a w a i i a n  type. 
of large basa l t ic  shield volcanoes. Jhgulfment r e s u l t s  from sub- 
sidence of a summit-block enclosed by s teeply inclined ring frac- 
tures. 
by drainage of magma into rift zones, with or without f lank erup- 
t i ons  of lava. 
Form by collapse during la te  s tages  of growth 
Pr ior  tumescence of the sh ie ld  is accompanied and followed 
Gal&a~os type. 
growth of laxge basal t ic  sh ie ld  volcanoes. 
s u l t s  ch ief ly  from injection of sills, and eruptions of lava 
through circumferential fractures near the summits and from 
r a d i a l  f rac tures  far  down the  s i d e s  of the shields. 
Also form by collapse during late s tages  of 
But engulfment re- 
C. Calderas associated with mixed eruptions from r ing  fractures.  
1. Glencoe type. Long-continued, intermit tent  eruptions of lava 
and pyroclast ic  ejecta from arcuate  f rac tures  surrounding a 
subsiding cauldron. 
2. - Suswa type. Form by collapse of the summits of la rge  volcanic 
cones o r  cone-clusters along ring-fractures as a r e s u l t  of magma 
withdrawal or gravi ta t ional  s e t t l i ng .  
and init iate collapse, as i n  the case of calderas of the Krakatoa 
type, but they r e su l t  from and follow collapse, and they i ssue  
JZruptions do not precede 
1 
1 :  
I 
1 
I 
i 
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from the ring-fractures, producing both lavas  and fragmental 
ejecta. 
D. Major volcano-tectonic depressions. 
These are exceptionally large collapse depressions r e l a t ed  t o  
colossal  eruptions of pyroclast ic  flows. 
controlled primarily by s t ruc tu res  i n  the basement-rocks; hence 
they tend to  be more or less straight-walled linear grabens. 
The Toba depression of Sumatra w a s  produced by discharge of 
ash- and pumice-flows with a total  volume of approximately 
2,000 cubic kilometers; the Taupo Volcanic depression in the 
North Island of New Zealand was formed by repeated collapses 
following a succession of voluminous pyroclastic flows. 
Their shapes are 
We may now describe in more d e t a i l  the foregoing types of calderas 
and volcano-tectonic depressions and the manner in which they originated. 
Calderas of Krakatoa Type (Al) 
The two most common types of calderas are the Krakatoa and Valles 
types, both of which are re la ted  t o  large-scale eruptions of ash and pumice. 
It must be emphasized, however, that i t  is d i f f i c u l t  and may be impossible t o  
assign a given caldera to one or  the other of these two types. The Krakatoan 
type is formed by foundering of the tops of pre-existing volcanoes, and the 
explosive eruptions tha t  bring about collapse issue,  a t  least in part, from 
the summit-vents of these volcanoes, though they may a l so  i ssue  from newly 
opened f rac tures ;  the Valles type, on the other hand, is produced by erup- 
-a- 
time through newly opened arcuate f rac tures  independent of pre-existing 
volcat~oes. To make a d is t inc t ion  it is necessary, therefore,  t o  know whether 
or not  the s i t e  of 
cone clueter.  
Calderas 
usually associated 
the  caldera w a s  formerly occupied by a volcanic cone or 
of Krakatoa type, as Smith has suggested (1960), are 
with pyroclastiL-flow deposits having volumes between 
10 and 100 h3., whereas most calderas of Valles type are associated with 
still more voluminous pyroclast ic  flows. 
type are never upheaved t o  produce "resurgent domes" such as may be seen in 
many calderas of Valles type; however, domes of Pelcan type and cinder cones 
are present on the f loo r s  of almost all Krakatoan calderas. 
The floors of calderas of Krakatoa 
The present s i t e  of the caldera of Krakatoa w a s  once pa r t ly  occupied 
by three coalescing cones; the caldera of Crater Lake, Oregon, l i e s  on the s i t e  
of the former cone of Mount Mazama; tha t  of Towada, Japan, l i e s  on the  s i t e  of 
a l a rge  andes i t ic  cone; and that of Santorin l i e s  on the s i t e  of a former cone- 
c luster .  
The a c t i v i t y  that i n i t i a t e s  collapse invariably begins by high- 
pressure Vulcanian eruptions, the e jec ta  falling i n  showers t o  produce w e l l -  
bedded deposits. 
pumice-falls tend t o  increase i n  size as the gas-pressure diminishes. 
quently, magma may be discharged as glowing avalanches (pumice flows) that tend 
t o  become increasingly basic and loaded with c rys t a l s  as deeper l e v e l s  of the 
magma chamber are tapped. The volume of the preliminary pumice falls is gen- 
e ra l ly  much less than that of the  la ter  pumice flows, but there  are many ex- 
ceptions t o  t h i s  rule;  indeed, as noted in the  sequel, repeated col lapses  may 
follow repeated pumice falls that a re  not accompanied by pumice flows. 
And in general, as a c t i v i t y  continues, the fragments i n  the 
Subse- 
A f e w  examples of Krakatoan calderas may now be described. 
I 
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1. Krakatoa. The great  eruptions of 1883 were preceded by a 
long period of quiet. "he initial eruptions, which began on May 20 from 
the cone of Perboewatan, las ted  only a few days, the a c t i v i t y  dying down 
u n t i l  June 19, when eruptions were resumed from the Bame vent. 
later, a new vent opened a t  the foot of the adjacent cone of Danan ( f igure 
1). 
the f i n a l  paroxysm, three main vents were sa id  t o  be i n  mild eruption. 
Meager evidence suggests that a l l  of the Vulcanian eruptions of pumice 
that preceded the climax issued from the cones of Perboewatan and Ihnan; 
the cone of U t a  does not seem to  have contributed. During the fateful 
days of August 26-28, the pumice fa l ls  were followed by tremendous pumice 
flows, some of the coarse, uns t ra t i f ied  and unsorted deposits of which can 
still be seen lying on the bedded pumice-fall deposits on the adjacent is- 
lands. 
hence t h e i r  volume cannot be calculated. There can be no doubt, however, that 
t h e i r  t o t a l  volume w a s  vas t ly  greater than that of the earlier pumice falls, 
even though they issued within less than two days. 
flows issued from the  old vents of Danan and Perboewatan or from new fractures ,  
opened during the eruptions, cannot be told. 
the climactic episode, the la rges t ,  more than 35 meters high, inundating the  
adjacent coasts  of Java and Sumatra, drowning more than 36,OOO persons, 
Five days 
When the i s lands  were v i s i t ed  on August 11, f o r  the last time before 
Most of the pumice flows swept across the  f loo r  of the Sunda S t r a i t s ;  
Whether the pyroclast ic  
Several tidal waves accompanied 
When explosive a c t i v i t y  came t o  an end, the cones of Dnnan and Per- 
boewatan had vanished; so had half of  Rakata. 
an approximately c i r cu la r  area 7 kilometers across,  from which two newly formed 
r a d i a l  grabens extended. 
cinders,  Anak Krakatoa, began t o  rise from t h e  f loo r  of the caldera,  from a 
point  roughly midway between the former vents of h a n  and Perboewatan; i t  has 
been ac t ive  intermit tent ly  ever since. 
The sea f loo r  had subsided over 
In 1927, af ter  44 years of quiet ,  a cone of basa l t i c  
TCRTIARY OLDROCK 
I .  ,-. . . . PRE-1883 PROFILE OF KRAKATAU 
I I  
,I . a QUATLINART- RCCLNT SLDlMLNT5 a OLOLR OI T I I O Y H I T L  ANDLSlTLD 
'.. .'.. 
MYPERSTMLNE ANDLSITCS 
0ASlI.T .. .. . .. . . . 
LAVA 111 PIAOMA CLUMOLR 
M0Rl-Z. 
AND 
LRTICAL 
SCALES 
SAME I 
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2. Crater Lake, Oregon. This magnificent caldera originated 
6,600 years ago by collapse of the top of an ances t ra l  cone, Mount Mazama, 
and some of its parasites (figure 2). 
elevation of approximately 3,500 meters, chief ly  by eruption of andes i t ic  
lavas,  but a l so ,  during later stages, by eruption of dac i te  pumice, when 
a semicircular f rac ture  opened on its northern flank, between 10,OOO and 
l5,OOO years ago. Viscous flows of s i l i ceous  andesite and glassy dacite 
issued from t h i s  f rac ture  to  produce an a r c  of parasitic domes and cones; 
at  about the same time, dac i te  domes and basa l t i c  cinder cones grew on the 
lower slopes of Mount Mazama. 
climactic eruptions began. 
the high-pressure Vulcanian type. 
high above the vents, t o  be carried by winds, first toward the  east and then, 
as the  pumice became coarser, toward the northeast. These airborne e jec ta  
have been traced over an area of almost 1.5 million square kilometers, ex- 
tending northward i n t o  Br i t i sh  Columbia and Alberta and eastward i n t o  Mon- 
tana. Soon after these init ial ,  high-pressure eruptions, the character of 
the a c t i v i t y  changed, as i t  did a t  Krakatoa; the pumice f a l l  w a s  followed 
by glowing avalanches, f i r s t  of dacite pumice and then of basa l t i c  scoria ,  
t h a t  raced down the mountainsides, choking the glacial canyons t o  grea t  depth 
and spreading far beyond, on to  the adjacent plateau. 
ended, the top of Mount Mazama had vanished and a caldera about 10 kilometers 
wide and more than 1,200 meters deep had taken its place. 
The min volcano had grown t o  an 
Finally, a f t e r  a long in t e rva l  of quiet ,  the 
A t  first, as a t  Krakatoa, the eruptions were of 
Finely divided daci te  pumice was blown 
When the eruptions 
Williams (1942) estimated that the volume of the Mazama pumice fa l l  
3 was approximtely 14 cubic kilometers, a l l  but 2 km . of t h i s  amount lying 
within the 15 cm. isopach. But discovery of fine Mazama ash as far away as 
Canada and Montana necessitated drast ic  revision of t h i s  or ig ina l  estimate. 
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Calculations recent ly  made by Dr. Gordon Goles ( i n  press)  show that between 
16 and 24 km . of ash f e l l  beyond the 15 cm. isopach -- Le. much more than 
f e l l  within that l i m i t ,  
3 from the a i r  is now estimated t o  be between 30 and 38 km . To t h i s  must be 
added the  volume of the glowing avalanche deposits (24 t o  32 d,) and that 
of the f i n a l  ash-fal l  (1 km .). 
I 
3 
Accordingly, the t o t a l  volume of e j ec t a  that f e l l  
3 The aggregate volume is thus between 55 and 
71 kld. 
up 5 t o  8 
of glass. 
Crystals  make up 8 to  14  krd. of 
k d . ,  and the remaining 33 t o  58 
It is impossible, of course, t o  
of the glass-fragments and the pore-spaces 
t h i s  amount; l i t h i c  fragments make 
km 3 . cons is t  of pumiceous fragments 
estimate accurately the ves icu lar i ty  
between them; it seem l ike ly ,  how- 
2 
ever, that they are equivalent t o  between 15 and 25 km’. of l i qu id  magma. 
ac tua l  magma may have contained up t o  3 per  cent by weight of water i n  solut ion,  
but t h i s  would have had only a very s l i g h t  e f f e c t  on its volume. 
The 
Our conclusion from the wide range of f igures  j u s t  enumerated is 
that during the culminating eruptions of Mount Mazama the t o t a l  volume of 
e j ec t a  -- Le.  of l i qu id  magma, crystals ,  and l i t h i c  fragments -- was between 
28 and 47 km3. For convenience, l e t  us say tha t  the  t o t a l  volume w a s  approxi- 
mately 40 km . The volume of the mountaintop that collapsed t o  form the caldera 
w a s  not  68 km3,, as or ig ina l ly  estimated, but approximately 60 km-., f o r  the an- 
cestral peak was only about 3,000 meters high and it must have contained a huge 
summit-depression within which enough i c e  accumulated t o  feed three g l ac i e r s  
t ha t  spread southward, down the sunny slopes,  t o  extend beyond the present r i m  
of Crater Lake through Sun Notch, Kerr Notch, and Munson Valley. 
3 
3 
Zar l ie r  calculat ions had suggested that the  combined volume of l i t h i c  
fragments, l i qu id  magma, and crystals  erupted by Mount Mazama was about 40 km 3 . 
less than the volume of the mountain that collapsed; present calculat ions reduce 
the discrepancy t o  about 20 km , 3 If the magma had already begun t o  vesiculate  
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j u s t  before the climactic eruptions, t h i s  discrepancy would be fur ther  reduced, 
but probably by only a small amount. 
conclude that some of the space necessary t o  permit the collapse of Mount Mazama 
w a s  provided by subterranean withdrawal of magma, e i t h e r  through f i s s u r e s  i n  the 
walls of the reservoi r  or by migration a t  greater depths. 
indeed, that such withdrawal may have triggered the explosive eruptions that 
l ed  t o  engulfment. 
Hence, one still seems t o  be forced t o  
It is conceivable, 
After a br ie f  i n t e rva l  of qu ie t  following the  formation of the  cal- 
dera, a pyroxene andesi te  cinder cone -- the  Merriam Cone -- rose from the  
f loor ,  c lose  t o  the northern wall. Subsequently, as the lake-level continued 
t o  rise, a similar cone grew near the southwestern w a l l  forming Wizard Island. 
Long flows of andesi te  spread f r o m i t s  base, as shown in Figure 5; these e i t h e r  
poured round or  are capped by a small dome of glassy dacite. 
t i ons  appear t o  have taken place more than a thousand years ago. 
The f i n a l  erup- 
3. Shikotsu caldera, Hokkaido. The Japanese island of Hokkaido 
contains a t  least ten calderas of Krakatoa-type. 
1963). 
80 h3., originated about 20,000 years ago, on the former s i t e  of a l a rge  com- 
pos i t e  cone. 
d e s i t i c  lavas  and fragmental deposits u n t i l ,  during la te  s tages  of growth, 
Shikotsu is typical  (Katsui, 
This caldera,  which measures 13 by 15 km. across  and has a volume of 
The ances t ra l  cone, l i k e  Mount Mazam, was b u i l t  ch ie f ly  of an- 
these were augmented by f a l l s  of daci te  pumice. 
of quiescence. Physiographic evidence suggests that j u s t  before the climactic 
eruptions, the ances t ra l  cone may have tumesced and been cut  by fau l t s .  
event, the outbursts  heralding the climax were high-pressure b l a s t s  t ha t  pro- 
duced rhyo l i t i c  pumice f a l l s  having a t o t a l  volume of approximately 25 km ., 
including 4 per  cent of l i t h i c  fragments. 
Then followed a long period ' I  
1 
1 
In any 
3 
These falls were followed by dac i te  
c -13- > 
m 
3 pumice flows with a volume of about 100 km ., 
fragments. A l l  of the l i t h i c  material within 
the ances t ra l  cone and its T e r t i a r y  basement, 
including 13 per cent of l i t h i c  
the pumice f a l l  w a s  derived from 
but the pumice flows a l s o  include 
fragments of grani te ,  quartz d ior i te ,  and hornfels derived from grea te r  depths 
as the  l e v e l  of the effervescing magma sank i n  the reservoir.  When the volume 
of a l l  the Shikotsu pumice is calculated as l iqu id  magma containing 5 per cent 
by weight of water and t h i s  is added t o  the volume of l i t h i c  debris,  the t o t a l  
approximates c losely t o  the volume of the ances t ra l  cone that collapsed t o  form 
the caldera. Accordingly, withdrawal of magmatic support by explosive eruptions 
may w e l l  have been the so l e  cause of  engulfment. 
volcanoes grew along a f i s su re  trending N. 30" W. across  the caldera,  one of 
which, Tarumai, has been act ive within h i s to r i c  times. 
Subsequently, three andes i t ic  
4. Towada caldera, Honsyu. This caldera,  which measures approxi- 
mately 10 km. across,  occupies the  former s i t e  of a large composite cone of 
pyroxene andesite,  and w a s  formed by collapse following discharge of volumi- 
nous flows of dac i te  pumice, some of which t ravel led 30 km. from t h e i r  source. 
After the collapse, a new cone was b u i l t  of andesite essent ia l ly  
similar t o  that which formed the ancestral  cone. 
then collapsed following discharge of andesi t ic  pumice t o  produce a miniature 
caldera,  3 km. across. Finally, two domes of pyroxene dac i te  rose in the mid- 
d l e  of the main depression. 
The top of the second cone 
5. Santorin caldera, Greece. This  famous caldera is selected f o r  
descr ipt ion as an example of a Krakatoan caldera developed on the former s i t e  
of a c lus t e r  of coalescing volcanic cones ( f igure  6 ) .  
p a r t l y  preserved a t  the southern end of the is land of Santorin; t h e i r  a c t i v i t y  
The oldest  cones are 
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w a s  more explosive than effusive,  much of i t  w a s  submarine, and the products 
varied i n  composition from basa l t  t o  rhyolite.  
moved northward t o  w h a t  is now the middle of the island of Santorin where the 
large Thera volcano was b u i l t ,  mainly by eruptions of pumice from a summit- 
vent and of lava from paras i t i c  vents on the  flanks. 
t i n c t ,  o ther  volcanoes began t o  grow in w h a t  is now the northern part of the 
is land and near the is land of Therasia. These volcanoes -- the Per i s te r ia -  
Simandir group -- were less explosive than the earlier ones, erupting many 
flows of andesi te  and dacite. 
dacite flows, within a graben separating the Thera and Pe r i s t e r i a  volcanoes, 
while another large l a v a  cone grew t o  the west, par t ly  on the present s i t e  of 
Therasia. 
by the caldera of Santorin was a large,  rugged is land made up of many overlapping 
cones, some of which were incised by deep val leys  of tectonic origin. 
The center of a c t i v i t y  then 
Before Thera became ex- 
Then the Skaros volcano w a s  b u i l t ,  mainly of 
A t  the close of t h i s  long period of volcanism, the area now occupied 
A long in t e rva l  of quiet  ensued pr ior  t o  the  explosions that l ed  t o  
formation of the caldera. 
l e f t  a layer  of airborne,  rose-colored pumice, ranging in thickness up t o  
about 3 meters. 
ind ica te  t h a t  the eruptive vents lay over the northern pa r t  of the present 
caldera,  and the sca rc i ty  of lithic debris  suggests that the vents were al- 
ready open when a c t i v i t y  began. The explosions cannot have been pa r t i cu la r ly  
violent ,  for most of the inhabitants of the i s l a n d  had time t o  escape, though 
forced t o  leave many of t h e i r  goods and cha t t e l s  behind. Their buildings re- 
mained in t ac t ,  suggesting tha t  no severe quakes preceded the eruptions. 
The quiet  was broken by Vulcanian eruptions that 
Variations in the coarseness and thickness of these e j ec t a  
The "Rose Pumice" is overlain by the "Middle Pumice", a thicker  se- 
quence of interbedded, wel l -s t ra t i f ied airborne and f l u v i a t i l e  materials testi-  
fying t o  a succession of mild explosions and quiet  pauses. The culminating ex- 
plosions then l a i d  down the Wpper Pumice". In thickness, and in  the s i z e  and 
, 
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abundance of its l i t h i c  debris,  t h i s  far exceeds the earlier deposits. Even 
so, the final explosions do not seem t o  have been cataclysmic, like those of 
Krakatoa; f e w  i f  any of the deposits were l a i d  down by pumice flows, Lentic- 
u l a r  bedding, erosional breaks, and  f l u v i a t i l e  so r t ing  seem t o  imply repeated 
explosions of moderate in tens i ty  from m y  sources. 
An accurate estimate of the t o t a l  volume of material erupted is i m -  
possible,  because most of the ejecta f e l l  i n t o  the sea, but c lear ly  the volume 
w a s  su f f i c i en t  t o  drain the magma chamber far enough t o  remove support from the 
roof,  causing i t  t o  founder. 
generated tsunamis (seismic sea waves) between 100 and 165 feet high, that swept 
within 20 minutes on t o  the coasts of Crete, 75 miles away, causing such havoc 
as t o  bring the Minoan c iv i l iza t ion  t o  a sudden end. 
The collapse took place about 1,470 B.C., and it 
Three pr inc ipa l  controls determined the  shape of the  caldera. The 
scalloped margin is obviously related t o  concentric f ractur ing and collapse 
of separate cones, f o r  the centers of several  of the arcuate bays on the is- 
land of Santorin coincide closely with the posi t ions of former vents. 
cone in the or ig ina l  Santorin complex w a s  b u i l t  over a cupola on the upper 
surface of the regional magma chamber; hence, general lowering of the magma 
l eve l  by the eruptions first drained the cupolas, causing t h e i r  roofs  t o  be 
engulfed. 
t ion of more or  less r ad ia l  grabens that extend outward between the is lands of 
Santorin and Therasia, perhaps following extensions from the main magma cham- 
ber. "he th i rd  control  was volcano-tectonic, L e .  s t ruc tu ra l  trends in the 
pre-volcanic basement. 
between them they account f o r  the crudely rectangular shape of the Santorin caldera. 
Each 
The shape of the caldera w a s  a l s o  controlled i n  part by the forma- 
One such trend is north-south, and another is east-west; 
More than a thousand years elapsed a f t e r  the engulfment before volcanism 
w a s  resumed. 
Pel& type, composed of s i l iceous andesite and daci te ,  rose from the cent ra l  
But commencing in 197 B.C. and continuing i n  46 B.C., domes of 
’+ horst  on the  caldera f loo r  t o  
is land,  H i k r a  Kameni, rose in 
-16- 
form the is land of Palaea Kameni. A second 
1570-1573 A.D., and a th i rd ,  Nea Kameni, w a s  
born in 1707. 
again in 1925-1928. 
This w a s  enlarged by fur ther  domical protrusions in 1886 and 
6. Deception Island caldera, South Shetland Islands. “his caldera 
is selected f o r  description because it is an unusually good example of a Kraka- 
toan caldera i n  which collapse w a s  followed by the formation of arcuate l i n e s  
of small volcanoes along the r i m  and on the w a l l s  (Hawkes, 1961). 
“he is land would be a complete ring were i t  not f o r  a narrow passage, 
a p t l y  cal led Neptunes B e l l o w s ,  which leads i n t o  the shel tered inner bay of Port  
Foster ( f igure 7). 
height of more than 550 meters, marks the caldera r i m .  
are la rge ly  mantled with ice, descend gently t o  sea-cut c l i f f s  some 50 meters 
high; the inner slopes, which mark the caldera wall, are steeper  and loca l ly  
precipitous,  and i n  places they are  considerably modified by cones and craters, 
products of post-caldera eruptions. 
A roughly c i rcu lar  ridge-crest, that rises t o  a maximum 
The outer slopes, which 
Four overlapping volcanoes once occupied the s i t e  of the caldera; 
the vents of two of them l i e  on the caldera r i m ,  and the vent of another l ies  
beneath the center of a semicircular bay on the western wall. 
canoes were b u i l t  ch ie f ly  of andesi t ic  and basa l t i c  lavas. 
All four vol- 
Paroxysmal eruptions of andesi t ic  pumice then took place, but whether 
from the four pre-existing vents or from new fractures along and close t o  the  
present caldera r i m  is not known. Deposits of pumice are almost continuously 
exposed f o r  long distances along the coastal  c l i f f s ,  and loca l ly  they reach a 
thickness of more than 215 meters. 
cause most of the ejecta f e l l  o r  poured into the  ocean. 
ready occurred p r io r  t o  the explosions, but the prime cause of the collapse 
Their or ig ina l  volume cannot be judged, be- 
Some fau l t ing  had al- 
DECEPTION ISLAND CALDERA 
/caldera r i m .  (Limits of- main ice tields 
/ Fault Q Vents of bre -caldera volcanoek 
.e* First post- caldera era tive fissures. 
post-cddera vents. A f t e r  D.D.Hawkes. 
Second. / Third.  xx F umaroles. 
a 
3 ;  
I 
1 
i 
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which produced the caldera w a s  a l m o s t  s u r e l y  the sudden, rapid,  and voluminous 
discharge of pumice. 
tures ,  but in minor p a r t  i t  was controlled by r ad ia l  f ractures ,  one of which 
accounts f o r  Neptunes Bellows. 
nal  volcanoes except f o r  three small is lands that rose from the caldera r i m ;  
the remainder foundered i n t o  the ocean. 
Collapse w a s  controlled almost wholly by concentric frac- 
After engulfment, l i t t l e  remained of the or igi-  
Three volcanic episodes followed the formation of the caldera,  and 
during each the eruptive vents were local ized along concentric, marginal frac- 
tures. 
r i m ,  two of them near Neptunes Bellows. 
place along and close t o  the eastern r i m  of the caldera, but t h i s  is an area 
thickly covered by ice. 
explosive, but a t  least  once during the h is tory  of each vent flows of o l iv ine  
basa l t  breached the c r a t e r  w a l l s .  
Four of the first post-caldera vents l i e  along and close t o  the southern 
Simultaneous eruptions may have taken 
Activity a t  the four recognizable vents was mainly 
During the second post-caldera episode, e ight  small cones grew along 
arcuate  f rac tures  c lose t o  the  bottom of the caldera w a l l s ,  near the shore of 
Port Foster Bay ( f igure 7). Ac- 
t i v i t y  w a s  again chief ly  explosive, but most of the ejecta were andes i t ic  ra ther  
than basal tic. 
Deep craters still mark the eruptive vents. 
Finally,  af ter  a long interval  of quiet ,  during which morainic and 
f luio-glacial  deposits were l a i d  down, the last  eruptive episode began, prob- 
ably continuing into h i s to r i c  times. 
f r ac tu res  within and outside the western r i m  of the caldera, and were character- 
ized by emission of basa l t i c  flows, p a r t l y  from open f i s su res  and pa r t ly  from 
the f lanks  of scor ia  cones. 
the cen t r a l  bay, suggesting that fumarolic a c t i v i t y  still continues along and 
c lose  t o  the base of the caldera walls. 
Eruptions were localized along concentric 
Steam rises from several  of the beaches bordering 
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7. Coatepeque caldera,  El Salvador. A l m o s t  a l l  calderas of Krakatoa 
type are surrounded by copious deposits l a i d  down by pumice flows, though the 
pumice deposits surrounding the Santorin caldera,  as noted already, are almost 
en t i r e ly ,  i f  not  e n t i r e l y  products of pumice falls. 
the deposit6 around the caldera of Coatepeque can be ascribed t o  pumice flows, 
all being airborne deposits, p a r t l y  reworked by running water. 
On the  other hand, none of 
The or ig ina l  Coatepeque volcano was b u i l t  chief ly  of andes i t ic  and 
basa l t i c  lavas  and fragmental materials. During Late Pleistocene time, a long 
series of rhyol i t ic ,  quartz l a t i t i c ,  and rhyodacitic pumice eruptions ensued. 
Carefu l  petrographic study has recently made it possible t o  recognize 18 dis- 
t i nc t ive  pumice falls (Meyer, 19643. 
has a volume of about 13 d.; two others  measure 8 km . each. 
One fa l l  has a volume of 32 kn?.; another 
3 Their t o t a l  
volume approximates 73 kn?.; the equivalent volume of magma is about 50 km 3 ., 
almost exactly the volume of the ancestral cone that collapsed t o  produce the  
caldera. Accordingly, i t  is no longer necessary t o  postulate  that engulfment 
w a s  caused pr inc ipa l ly  by underground migration of magm t o  supply the young 
volcanoes of Santa Ana and Izalco ( W i l l i a m s  and Meyer-Abich, 1955). What chief ly  
dis t inguishes  the mode of formation of the Coatepeque caldera from that of San- 
t o r in  is the length of time involved in the preceding pumice eruptions. The 
Santorin eruptions seem t o  have las ted no more than 50 years, but those from 
the  Coatepeque volcano l a s t ed  very much longer, because many pumice-fall deposits 
are separated by deep zones of weathering. 
ment which produced the Coatepeque caldera w a s  not  cataclysmic, as a t  Santorin, 
but took place in te rmi t ten t ly  over thousands of years. 
This probably means that the  engulf- 
I KatmaiType (A21  
Host in te rpre ta t ions  of w h a t  took place in 1912 in the Valley of Ten 
Thousand Smokes, Alaska, and a t  the adjacent volcano of Katmai  have been based 
I 
I 
on s tud ie s  made by Fermer. 
ash- and pumice-flows which 
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Painstaking work l ed  him t o  postulate  that the 
swept down the Valley of Ten Thousand Smokes 
issued from an extensive sill of rhyol i t ic  magma contaminated by contact 
with andes i t ic  debr i s  on the valley floor. H e  also supposed that almost 
20 cubic kilometers of hybrid pumice were blown from the  summit c ra t e r  of 
Mount Katmai, more than half of t h i s  being andes i t ic  material that tumbled 
from the crater w a l l s  t o  be assimilated in a lake  of rhyo l i t i c  lava. 
dingly, the Katmai type of caldera w a s  defined as one "produced by a combina- 
t ion of in te rna l  solut ion,  pumice explosions, and avalanching of the crater 
walls". It is now apparent, however, that there  was no i n t e rna l  ass imilat ion 
of Katmai  volcano p r i o r  t o  the disappearance of its summit and formation of 
the caldera; indeed no eruptions took place from the crater of Ka tma i  in 1912, 
during the eruptions in the Val ley  of Ten Thousand Smokes. 
Observations made by the writer and Dr. Garniss Curt is  i n  1953, and 
Accor- 
others  made i n  the following year  by Curt is  l ed  t o  a rad ica l ly  d i f f e ren t  in te r -  
pretat ion of the events of 1912. We concluded that no sill of rhyol i te  w a s  in- 
jected under the floor of the  Valley of Ten Thousand Smokes; on the  contrary, 
the ash- and pumice-flows that swept down the val ley issued from swarms of ver- 
tical f i s s u r e s  near the val ley head, par t icu lar ly  from f i s su res  near the vent 
from which the rhyo l i t i c  dome of Novarupta was subsequently extruded. 
br id  character of the ash  and pumice did not  r e s u l t  from contamination of f resh  
rhyol i te  magma by assimilation of andesi t ic  rocks, but from mingling of f resh  
andes i t ic  magma t h a t  occupied the fissure-system beneath the Katmai, Mageik, 
Martin, and Trident volcanoes w i t h  fresh rhyo l i t i c  mgma that occupied the 
nearby, sub-parallel fissure-system beneath the domes of Fal l ing Mountain and 
Mount Cerberus. Moreover, Curt is  made isopach-map6 of the ash- and 
pumice-falls overlying the deposits of ash- and pumice-flows in the Valley of 
Ten Thousand Smokes, and found that Mount Katmai could not have been the source 
The hy- 
* 
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of any of the e jec ta ;  i t  had erupted nothing. 
many cubic kilometers of rhyo l i t i c  and hybrid magma through vents 1,500 meters 
below Mount Katmai, within the Valley of Ten Thousand Smokes, that drained the 
conduit of the volcano, causing i ts  top t o  founder, producing a caldera approx- 
imately 3 kilometers across and 1,300 meters deep. When t h i s  w a s  first v i s i t ed ,  
in 1917, a small cone of andesi t ic  ejecta could be seen within a lake on the 
f loor ;  andes i t ic  magma had returned t o  the fissure-system beneath the volcano. 
By 1953, the  andes i t ic  cone w a s  submerged beneath a lake  about 600 meters deep. 
It w a s  the  rapid discharge of 
The foregoing account indicates that the caldera of Katmai  w a s  no t  
formed by in te rna l  assimilation and subsequent eruptions, but by collapse when 
magma w a s  withdrawn from the central  conduit and perhaps from the underlying 
reservoi r  t o  supply eruptive vents i n  the adjacent Valley of Ten Thousand Smokes. 
No other  calderas of t h i s  type have yet  been recognized, but it seems 
reasonable to suppose that some w i l l  be found. 
l i e  on f issures  that connect a t  depth; hence the top of one volcano may collapse 
because of eruptions from a neighbor or from newly opened f i s su res  not  f a r  away. 
Many closely spaced volcanoes 
Reference should a l s o  be made under t h i s  caption t o  circular basins 
that are not genet ical ly  re la ted  t o  pre-existing volcanoes but or ig ina te  through 
removal of magmatic support by discharge of material from adjacent vents. 
basins were referred t o  by van Bemmelen as "lateral depressions". 
Such 
The Pilomasin Basin i n  south Sumatra is a shallow depression, 4.4 
by 3.3 kilometers across,  lying immediately east of a l ine  of fissure-vents 
from which more than 4 cubic kilometers of s i l i ceous  pumice were erupted i n  
Vulcanian fashion. While the eruptions were going on, the basin sank spas- 
modically, so that pumice-fall deposits are interbedded concordantly with 
inward-dipping, lacus t r ine  clays. 
ma, is almost precisely equal t o  the volume of the basin. It seem l i k e l y ,  there- 
The volume of pumice, recalculated as mag- 
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fore,  that the subsidence w a s  re la ted genet ical ly  t o  the eruptions (van 
Bemmelen, 1931 1. 
A comparable, intermit tent  subsidence may account i n  p a r t  f o r  
the b a e h  that holds Mono Lake, California. Repeated eruptions of rhyo l i t i c  
pumice and obsidian flows from a chain of vents extending southward from the 
lake  may have drained magma from a throughgoing f i ssure  t o  cause per iodic  
sagging of the basin. Two Quaternary cinder cones, one within the lake  and 
the other  on its northern shore, and a cent ra l  i s l and  l a rge ly  composed of de- 
formed beds of l acus t r ine  pumice and diatomite, denote the presence of an 
underlying body of magma, f luctuat ions of which may account not only f o r  the 
cones and disturbance of the lake sedimente but a i e o  for the general siibeiderioe. 
The largest calderas  in  the world a r e  r e l a t ed  t o  the discharge of 
colossal  volumes of rhyo l i t i c ,  quartz l a t i t i c ,  and d a c i t i c  ash flow t u f f s  
(ignimbrites) from linear and arcuate f i s s u r e s  opened during regional  tumes- 
cences as bodies of ac id  magma r i s e  through the crust .  Examples include the 
large calderas  i n  the  North Island of New Zealand, and those being discovered 
i n  increasing number in the Great Basin of Nevada and U t a h .  
has described a caldera approximately 60 kilometers in diameter in the Italian 
Dolomite Alps, where i t  is associated with Permian r h y o l i t i c  ash flows having 
a volume of 2,000 cubic kilometera. 
bas i s  of preliminary s tudies ,  that  the Mogollon Plateau of southwest New Mexico 
is a c i r c u l a r  caldera or volcano-tectonic depression no less than 150 kilometers 
across,  r e l a t ed  t o  the eruption of Miocene r h y o l i t i c  ash flows having an aggregate 
volume of perhaps 12,OOO cubic kilometers. The huge basin is en t i r e ly  surrounded 
by a c i r c u l a r  graben and has a raised rim apparently formed by eruptionB of rhyo- 
Maucher (1960) 
And Elston (1965) has suggested, on the 
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I 1  l i t i c  pumice and protrusion of elongated r h y o l i t i c  domes from vents along a 
ring f rac ture  . 
1 
I 
1 
i 
I 
I 
1 
I 
1 
1 
I 
1 
I 
I 
I 
I 
1. The Valles caldera. One of the l a rges t ,  and cer ta in ly  one of 
the most ins t ruc t ive  and most carefully studied calderas in the world l ies  
close t o  the western edge of the Bio Grande graben in northern N e w  Mexico 
(Smith and Bailey, 1966). 
(figure 8). Its w a l l s  surround a circular  m o a t ,  between 3 and 6 kilometers 
wide, pa r t ly  f i l l e d  by a ring of rhyol i te  domes. 
meters above the m o a t  is a cent ra l  mountain, Cerro Redondo, 10 by 13 kilo- 
meters across,  which is a "resurgent dome" produced by u p l i f t  of the caldera 
f l o o r  . 
It measures 20 by 25 kilometers from r i m  t o  r i m  
Towering more than 650 
The Valles caldera does not occupy the beheaded top of an ances t ra l  
cone; on the contrary, it l i e s  on the western flank of an i r regular  group of 
coalescing cones and domes b u i l t  mainly during Pliocene time by discharge of 
dac i t i c  and rhyo l i t i c  lavas  and pyroclastic e jec ta ,  along with subordinate 
andesi tes  and basal ts .  
The climactic, caldera-forming eruptions began about 1,400,000 years 
ago, probably from arcuate f i ssures  close t o  the northeast  edge of the Valles 
caldera. These eruptions l a i d  down the 'Lower Bandelier Tuff'. The f i r s t  out- 
burs t s  were of the high-pressure Vulcanian kind and they produced a mantle- 
bedded layer  of coarse rhyo l i t i c  pumice. The preliminary pumice falls were 
followed immediately by a rapid succession of increasingly hot, mafic, and 
crystal-r ich rhyo l i t i c  pumice flows that swept down the mountainsides a t  great 
speed, leaving a deposit  of approximately 200 cubic kilometers. 
area then collapsed about 1,OOO meters, forming the Toledo caldera. 
The source- 
A million years ago, a f t e r  a few domes of quartz l a t i t e  had grown 
within the Toledo caldera and deep canyons had been cu t  through the 'Lower 
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Bandelier Tuff ' ,  eruptions of rhyol i t ic  ash and pumice were resumed, t h i s  
time from r ing  f rac tures  southwest of the Toledo caldera. Once more, the 
initial showers of pumice were followed by vas t ly  l a rge r  pumice flows, the 
'Upper Bandelier Tuff',having an aggregate volume close t o  200 cubic ki lo-  
meters. 
closed the eruptive conduits temporarily, after the first 80 km . of magma 
were discharged; then followed sporadic eruptions separated by shor t  inter- 
va ls  of quiet ,  un t i l  the f i n a l  40 km . of magma were rapidly discharged and 
the final collapse took place, the source-area foundering 1,OOO t o  1,500 
meters t o  form the Valles caldera. 
Sagging o r  partial foundering of the source-area seems t o  have 
3 
3 
Shortly after the caldera was formed, 'Early Rhyolites', essen- 
t i a l l y  similar in composition t o  the 'Upper Bandelier Tuff', issued from 
northeast-trending f i s su res  near the  center of the caldera, pa r t ly  as vis- 
cous flows and p a r t l y  as pumice showers, and a lake began t o  grow within the 
great depression. A t  or about the same time, the cent ra l  part of the caldera 
f l o o r  s t a r t e d  t o  r ise ,  probably forced upward by resurgence of new magma i n t o  
the underlying reservoir.  Ultimately, t h i s  "resurgent dome" rose more than 
1,500 meters, approximately as far as the floor of the caldera had previously 
subsided. And while the "resurgent dome" rose,  sediments continued t o  accumu- 
la te  in the surrounding lake,  and 'Middle Rhyolite Flows' issued sluggishly 
from an apica l  graben on top of the dome and from f i s su res  near the northwest 
base. 
fractures within the m o a t .  
about 900,OOO years ago, w a s  the easternmost; others  rose in turn in an ant i -  
clockwise direct ion,  the last of them rising close t o  the southern w a l l  of the 
caldera about 400,000 years ago. 
Thereafter a group of large domes of rhyo l i t i c  lava was b u i l t  over r ing  
The first of these viscous protrusions, which rose 
Weak hydrothermal and hot spring a c t i v i t y  
still continues 
ap ica l  graben. 
near the western base of the "resurgent dome" and within its 
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The r ing  f rac tures  through which the grea t  volumes of ash and pumice 
were erupted and along which collapse took place t o  produce the Toledo and 
Valles calderas a r e  presumed t o  be vertical  or t o  d ip  s teeply inward. 
were formed and widened by repeated tumescence of the roofs of the magma cham- 
bers,  thus permitting both the  r i s e  of magma t o  the surface and subsequent 
foundering. 
They 
2. Creede caldera,  Colorado. Several calderas originated in the 
San Juan Mountains during Late Tertiary time as a r e s u l t  of copious eruptions 
of ash- and pumice-flows (Steven and Ratte', 1965; Ratte/ and Steven, 1967). 
The town of Creede l i e s  inside one caldera and near two others. The oldest  
of these three calderas -- La Garita -- originated several  miles northeast  
of Creede following eruption of a large volume of quartz l a t i t e  ignimbrite. 
Rhyolit ic and quartz l a t i t i c  lavas  and pyroclast ic  e jec ta  were then erupted 
from vents a short  distance t o  the south, and these were inundated by a com- 
pos i t e  sheet  of rhyo l i t i c  ignimbrite between 20 and 40 cubic kilometers in 
volume. The accompanying collapse formed the Bachelor Mountain caldera,  in 
part coincident with the older,  La Garita caldera and with the younger, Creede 
caldera. 
Several collapses,  each i n i t i a t e d  and accompanied by colossal  ash- 
The f i r s t  eruptions is- flow eruptions, produced the f ina l ,  Creede caldera. 
sued from vents inside the present depression, laying down rhyo l i t i c  lavas  
and ash-flows. Deposits of succeeding rhyo l i t i c  ash flows nearly surround 
the caldera;  t h e i r  average thickness ranges from 200 t o  250 meters and t h e i r  
aggregate volume exceeds 100 cubic kilometers. 
concurrent with the ear ly  s tages  of collapse. By t h i s  time, the upper, rela- 
t i v e l y  crystal-poor rhyo l i t i c  portion of the magma chamber had been evacuated. 
"hen, as the  f loor  of the caldera continued t o  s ink,  a series of crystal-r ich 
Their discharge was in part 
-25- . 
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quartz l a t i t e  ash flows was discharged, the last ones, the Snowshoe Mountain 
ash flows, which are r e s t r i c t ed  t o  the center of the caldera, reaching a thick- 
ness of more than 2,000 meters and a volume of more than 400 cubic kilometers. 
The pr inc ipa l  collapse took place during and after these eruptions, so t h a t  
tongues of t a l u s  from the w a l l s  of the caldera in te r f inger  with some of the 
final ash flows. 
After the caldera had reached its f u l l  depth, the cent ra l  part of 
the f loo r  w a s  up l i f ted  1,300 meters by intrusion of a stock or l accol i th ,  pro- 
ducing the "resurgent dome" of Snowshoe Mountain. 
w i t h i n  the  Valles caldera,  is broken by an apica l  graben and by many other  f au l t s ,  
and is separated from the caldera w a l l s  by an intervening moat. 
and bulbous p i l e s  of lava were then extruded, not only from vents inside the 
m o a t ,  as in the Valles caldera, but also from vents beyond the margin of the 
caldera. And here they consisted, not of rhyol i te  as in the V a l l e s  caldera, 
but of quartz l a t i t e .  
ward change from crystal-poor rhyol i te  t o  crystal-r ich,quartz  latite, and a 
concurrent increase in lavas at the  expense of ash flows, changes reflecting 
a general diminution i n  gas content as lower and less s i l i ceous  l eve l s  of the 
magma reservoir  were tapped. 
This dome, l i k e  Cerro Redando 
Viscous flows 
Their eruption closed a long sequence marked by an up- 
Lake- and stream-deposits, l ayers  of airborne ash, and t raver t ine  
accumulated within the caldera during and after the r ise of the "resurgent 
dome1I and subsequent eruption of quartz lat i tes;  together these intra-caldera 
beds make up the Creede formation of late Miocene or Pliocene age. 
Not a l l  of the fau l t ing  associated with the Creede caldera took 
place along ring f ractures;  there w a s  a l s o  recurrent  fau l t ing  along north- 
t o  northwest-trending l i n e s  before, during, and af ter  its development. These 
linear f a u l t s  were 
ment; some of them 
probably controlled by s t ruc tures  in the sub-volcanic base- 
border the apical  graben that crosses the Snowshoe Mountain 
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L dome, and some border the Creede graben that extends outward from the north 
w a l l  of the caldera. V i r t u a l l y  all of the mineralization f o r  which the Creede 
d i s t r i c t  is famous took place along these l i n e a r  f a u l t s  after the Creede forma- 
t ion had been deposited and after a l l  surface volcanism had come t o  an end. 
3. Timber Mountain caldera, Nevada. The Great Basin of Nevada 
and western Utah is one of the world's l a r g e s t  ignimbrite provinces. 
t e rva ls  fo r  approximately 30 million years, from ear ly  Oligocene to  l a te  Plio- 
cene times, ash-flow t u f f s  were la id  down over an area of about 400,000 square 
kilometers t o  an average thickness of a t  least 300 meters and loca l ly  t o  a thick- 
ne66 of more than 2,000 meters. 
t o  the  eastern margin of the basin and t o  its southwestern part, within and 
near the Nevada T e s t  Si te .  
large calderas  re la ted  t o  the ash-flow eruptions,  and no doubt o thers  w i l l  be 
discovered as f i e l d  work is extended. 
caldera y e t  described, namely the TimberaMountain caldera within the Nevada 
Tes t  S i t e  (Carr, 1964, and Christiansen, 1965 and 1966). 
A t  in- 
Detailed s tud ie s  have thus far been r e s t r i c t e d  
These s tudies  have revealed the presence of many 
We select for description the largest 
Miocene lavas  and ash-flow t u f f s  had already been deposited and had 
been broadly arched and broken by arcuate f a u l t s  p r io r  t o  the eruptions that 
l ed  t o  formation of the caldera (figure 12). These eruptions took place about 
11 mi l l ion  years ago, and some of them probably issued from the arcuate f a u l t s  
j u s t  mentioned. 
together cons t i tu te  the Rainier Mesa member of the Timber Mountain Tuff. 
deposits cover 8,000 square kilometers and t h e i r  volume approximates 1,150 cubic 
kilometers. 
w a s  responsible f o r  most of the collapse which formed the caldera. 
from vents within the caldera then deposited similar rhyo l i t i c  ash flows -- the 
C a t  Canyon member of the Timber Mountain Tuff -- t o  a thickness of more than 900 
They l a i d  down a thick succession of rhyo l i t i c  ash flows which 
The 
It w a s  the rapid discharge of t h i s  great volume of material that 
Eruptions 
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meters, and the caldera f loor  probably subsided still fa r the r  as a consequence. 
. 
h 
"he cent ra l  part of the f loor  was then upheaved a t  least 1,200 meters t o  make a 
"resurgent dome", 13 by 16 kilometers across,  elongated i n  a northwest direct ion,  
in l i n e  with the adjacent Black Mountain caldera and the Calico H i l l s  dome (fig- 
ure  11). Many arcuate f ractures  developed along the margins of the r i s i n g  dome, 
the principal ones dipping outward, toward the surrounding moat, and some frac- 
tu res  were intruded by dikes of rhyol i te  and larger bodies of gran i te  porphyry. 
Subsequently, as the "resurgent dome'' continued t o  rise, longitudinal and r a d i a l  
grabens developed near its center,  and intrusions and extrusions of rhyol i te  
took place both within the dome and along r ing  f rac tures  within the encircl ing 
m o a t .  Shortly thereaf te r ,  ash flows were again erupted from vents ins ide  the  
caldera, some accumulating within the depression t o  l a p  against  the f lanks of 
the "resurgent domet1 and caldera walls, while others  swept beyond the  w a l l s  t o  
inundate most of the area previously buried by the Rainier Mesa ash flows. 
volume of the younger flows, which cons t i tu te  the Ammonia Tanks member of the 
Timber Mountain Tuff, approximates 720 cubic kilometers, and one can hardly 
doubt that t h e i r  eruption w a s  attended by renewed collapse of the caldera floor. 
The 
A l l  of the foregoing events occurred within a f e w  hundred thousand 
years. Subsequently, about 7 million years  ago, the Thirsty Canyon ash flows 
were discharged from the adjacent Black Mountain caldera, some of them pouring 
i n t o  the moat of the Timber Mountain caldera. Upturning of some of the Thirsty 
Canyon t u f f s  along the margin of the Timber Mountain "resurgent dome" indicates  
that the caldera f loo r  continued to  r ise  t o  a still later time. 
The h is tory  of the Timber Mountain caldera is thus one of recurrent 
tumescence and arcuate fracturing. Colossal ash flows and smaller lava flows 
issued from these f rac tures  during episodes of in f la t ion ;  collapses took place 
along them during episodes of deflation. 
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B. Calderas associated with effusive eruptions of basa l t i c  magma. 
Masaya type (E 1 )  
Masaga caldera, NicaraRua. The f loo r  and w a l l s  of Masaya caldera 
consis t  en t i r e ly  of iron-rich basal t ic  lavas  and subordinate basa l t i c  scoria. 
Nonetheless, the caldera l i e s  approximately midway i n  the chain of Central 
American composite cones, most of which consis t  of andesite,  and only 5 kilo- 
meters t o  the southwest l i e s  Lake Apoyo, inside a typical  Krakatoa-type caldera 
formed by collapse following copious eruptions of dac i te  pumice. 
where in the world does a basa l t ic  caldera l i e  c loser  t o  one of Krakatoan type. 
Perhaps no- 
The Masaya caldera is elongated i n  a west-northwest direct ion,  p a r a l l e l  
t o  an adjacent f a u l t  scarp and t o  the general trend of the Quaternary volcanic 
chain of Nicaragua, and its long axis,  i f  prolonged, passes through the center  
of the adjacent Apoyo caldera. 
across. On the west, its w a l l s  rise about 150 meters above the f loor;  on the  
south and east, they generally r i s e  between 80 and 100 meters; northward, hov- 
ever, they dwindle i n  height and f ina l ly  disappear. 
8eems to be the truncated flank of an older composite cone (f igure 13). 
It measures approximately 6 by 11 kilometers 
The low southwest w a l l  
Calderas of Hawaiian and Galipagos type, t o  be described in the sequel, 
l i e  ins ide  the tops of huge basal t ic  shield volcanoes; Hawaiian ones form a t  the 
in te rsec t ion  of rift zones on the flanks of the shields ,  from which abundant 
l avas  are discharged; those in the Galipagos Is lands are surrounded by circum- 
f e r e n t i a l  f i s s u r e s ,  and the adjacent flanks are cu t  by rad ia l  f issures,  from 
a l l  of which lavas  issue i n  la rge  volumes a t  shor t  intervals.  
dera, on the contrary, l i e s  inside the top of a low, broad, asymmetrical sh ie ld  
with slopes so gent le  as t o  be hardly perceptible. 
border the rim and no rift zones cut the outer f lanks (McBirney, 1956). 
The Masaya cal- 
No arcuate eruptive vents 
A l l  
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eruptive vents l i e  within the caldera, and t h e i r  lavas,  unable t o  spread t o  
t 
f c 
the west and southwest because of the  opposing f a u l t  scarp, or t o  the south 
and southeast  because of the slopes of the older ,  Apoyo volcano, poured in 
other direct ions,  chief ly  t o  t h e  north. 
About a dozen craters and  scor ia  cones are arranged in a circle, 
roughly 4 kilometers in diameter, within the western pa r t  of the caldera, 
the f i v e  l a rges t  c r a t e r s  l y i n g  close together on the southern periphery (fig- 
ure 13). 
s t r u c t u r e .  
is why the f loo r  has a gently domical form, 
These ring-vents probably out l ine  the boundary of an ear ly  collapse- 
Almost a l l  of the lavas on the caldera floor issued from them; that 
During the 16b and 1P centuries, the c ra t e r  of Nindiri,  one of the 
f i v e  l a rge  c ra t e r s  on the r ing  of vents, was per iodical ly  occupied by a lava 
lake. The l eve l  of the lake,  though generally c lose t o  that of the surrounding 
caldera floor, fluctuated rapidly; in 1670, the crater w a s  flooded so that lava 
poured northward to  inundate the caldera r i m  and spread beyond f o r  a distance 
of 9 kilometers. 
but never t o  form long-lived lava lakes, 
Since tha t  time, lava has r i sen  in to  the adjacent craters, 
No general subsidence of the caldera f loo r  has been observed during 
h i s to r i c  times. However, the f loors  of some of the larger craters have sub- 
sided as much as 200 meters during cycles of eruption. Two la rge  p i t  craters 
originated by collapse in 1858-1859, accompanying o r  following seismic shocks 
and mild eruptions of gas. 
meters in 1927 as a r e su l t  of dynamite explosions. 
ered along with the scalloped margin of the depression, suggests that Masaya 
caldera w a s  produced by a succession of more o r  less  cyl indrical  collapses 
arranged roughly along tectonic,  west-northwest - trending lines, and resul-  
ting primarily from periodic migration of magma underground. 
t ions  and flank flows played no part  i n  its development. 
And the f loo r  of Santiago c ra t e r  sank about 40 
Recorded his tory,  consid- 
Explosive erup- 
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A small posi t ive gravi ty  anomaly coincides with the  vent-area in the 
western part of the  caldera,  but no marked anomalies are associated with the 
boundary f a u l t s  around the main depression, 
Hawaiian Type (B 2) 
H a w a i i a n  sh i e ld  volcanoes are b u i l t  mainly by eruption of f l u i d  flows 
of t h o l e i i t i c  basa l t  that follow each other in quick succession, spreading as 
thin sheets,  usually of great extent. 
have grown almost t o  t h e i r  f u l l  height, while a c t i v i t y  is still vigorous and 
eruptions continue a t  short  intervals,  
depth, l a v a s  are poured from f issures  cut t ing t h e i r  f l oo r s  and w a l l s ,  and from 
r i f t  zones on the flanks of the shields. In  general, three rift zones r ad ia t e  
outward from each caldera a t  angles of approximately 120°, one of the three 
being much less d i s t i n c t  than the other two. Ultimately, subsidence of the 
f loo r  comes to  an end, and the caldera-f i l l ing s tage begins. Thick flows of 
t h o l e i i t i c  basa l t  accumulate inside the caldera; then flows of more a l k a l i n e  
basalt .  Eruptions take place a t  much longer in t e rva l s  than during the shield- 
building stage,  explosive a c t i v i t y  becomes more frequent, and the rnagma types 
more varied,  ranging from alkaline b a s a l t s  t o  trachytes. "he calderas are 
f i n a l l y  buried, and only deep erosion reveals t h e i r  former presence, as i t  
has on most of the H a w a i i a n  Islands. One exhumed caldera,  on the is land of 
Kauai, is the largest of a l l  Hawaiian calderas, measuring 16 by 20 kilometers 
acro6s (Wentworth and Macdonald, 1953; Macdonald, 1965). 
Summit calderas or iginate  when the sh ie lds  
A s  the calderas  increase in width and 
Kilauea and Mama Loa, t h e  two ac t ive  volcanoes on the is land of 
That of Kilauea measures 4.4 by 3.3 H a w a i i ,  both have summit-calderas. 
kilometers across and is approximately 150 meters deep; Mokuaweoweo, the 
caldera on top of Mauna Loa, measures 2.6 by 4.5 kilometers across and its 
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' depth ranges from 130 t o  180 meters ( f igure 14). 
rupted in places by s t ep  f a u l t s ,  and both are pa r t ly  surrounded by benches, up 
t o  3 kilometers wide, traversed by inward-facing f a u l t  scarps. 
c losely associated with p i t  craters; indeed the calderas grow in part by coales- 
cence and incorporation of adjoining p i t s .  
Kilauea l i e  outside the p i t  craters of Kilauea i k i  and Keanakakoi, and three 
p i t s  l i e  close t o  Mokuaweoweo, on the southwest r i f t  zone of Mauna Loa. Some 
p i t  craters are less than 30 meters across; others  are more than a kilometer 
across. 
but most of the l a rge r  ones r e s u l t  from collapse of more o r  less cyl indrical  
blocks when magma stopes and melts its way almost t o  the surface and then with- 
draws i n t o  adjacent r i f t s ,  leaving the s u r f i c i a l  rocks without support. 
None can doubt that Hawaiian calderas or ig ina te  by engulfment. 
Both have s teep walls, inter- 
Both are a l s o  
The outermost caldera f a u l t s  of 
A few small ones originate by collapse of the roofs of lava tubes, 
W i l l i a m s  (1941) suggested that collapse r e s u l t s  from drainage of the central. 
conduits by subterranean inject ion of magma i n t o  rift zones and by copious 
eruptions of lava from rift zones f a r  down the f lanks of the shields.  
sequent s tud ies  have shown that he was unduly impressed by the rapid enlarge- 
ment of Halemaumau, the inner p i t  o f  Kilauea caldera, during the 1924 eruptions 
when a long-lived lava lake was drained from the p i t  by in jec t ion  of magma i n t o  
the adjacent rift zone and by eruption of lava on t o  the sea f loo r  from its 
eastern end. 
maumau w a s  enlarged by avalanching of the walls, by inject ion of magma into 
the rift zone, and by submarine effusions. 
the volume of lava discharged a t  the surface during any Hawaiian eruption 
is invariably less, and generally very much less than the volume of the summit- 
collapse and general subsidence of the surrounding region. 
Sub- 
W i l l i a m s  d id  not attempt t o  estimate how much the p i t  of Hale- 
It is now known, however, that 
Stearns and Macdonald (19461, rea l iz ing  t h i s  t o  be the case, and 
rea l iz ing  a l s o  that the tops of growing shield volcanoes are always unstable 
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owing t o  the presence of abundant l iqu id  magma in underlying f i ssures ,  suggested 
that collapse took place when magma stoped its way upward u n t i l  the so l id  cover, 
becoming too weak and thin t o  support i t se l f ,  foundered. In other  words, they 
thought that Hawaiian calderas were cauldron subsidences of the Glencoe type. 
Subsequently, Macdonald (1965) abandoned t h i s  in te rpre ta t ion  because of the ab- 
sence of circumferential dikes around eroded Hawaiian calderas and of circum- 
f e r e n t i a l  eruptions around the act ive ones. 
Carefu l  geophysical s tudies  during recent years have amply shown that 
the calderas of Kilauea and %una Loa generally, i f  not always collapse following 
broad tumescence of the shields ,  when r i f t  zones are distended and injected by 
magma, whether or not lavas  issue a t  the surface. 
breathe; they swell and subside as underlying magma rises and falls. 
the e n t i r e  upper part of the shield is gently uparched and later depressed; a t  
other  times, the caldera f loo r  moves up and down l i k e  a gigant ic  piston. 
The sh ie lds  seem almost t o  
A t  times, 
Gravity s tud ies  have l a t e l y  shown that several  Hawaiian volcanoes are 
underlain a t  depths of a kilometer or  two by ultra-dense rock -- presumably 
olivine-rich cumulates o r  protrusions from the sub-crustal mantle -- that 
extend downward a t  least t o  the depth of the ocean floor (Macdonald, 1965). 
Par t s  of these growing, high-density columns per iodical ly  spread sideways, 
enter ing and wedging apar t  the bordering rift zones. 
the volcanoes t o  swell, widening the  f rac tures  around the summits and the rift 
zones on the flanks. 
In doing so, they cause 
Evidence gathers t o  show that the f rac ture  planes encircl ing the 
summit-calderas of H a w a i i a n  shields  d ip  s teeply inward, as cone sheets  do, 
because of intermit tent  upthrusts of magma. The basin-shape of the l a v a s  
ins ide  the eroded Koolau caldera on Oahu suggests the sinking of a wedge- 
shaped block. Collapse of the 
only a f t e r  f rac tures  have been 
summit of a sh ie ld  can therefore take place 
widened by general distension of the shield 
. 
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in the manner j u s t  suggested. 
t o  collapse. 
accompanied by eruptions from r i m  volcanoes remains to  be explained. 
I n  b r i e f ,  tumescence is a necessary preliminary t 
But why widening of r ing f rac tures  around the calderas is never 
The westernmos t is lands of the GalApagos archipelago, Albemarle 
and Narborough, cons t i tu te  one of the most ac t ive  volcanic regions in the  
world. 
Island, and a single one, 25 by 30 kilometers across  and almost 1,500 meters 
high, makes up Narborough Island. 
and Mama Loa, is i n  the mature stage of vigorous growth, erupting abundant 
flows of t h o l e i i t i c  basa l t ,  and each has a large caldera a t  the summit. 
lar  calderas were formerly present on most of the other  i s lands  of the archipel- 
ago, but, l i k e  most of those i n  the Hawaiian archipelago, they are buried beneath 
alkaline lavas  and cinder cones. 
Five coalescing basa l t i c  shield volcanoes make up most of Albemarle 
Each of these six shields ,  l i k e  Kilauea 
Simi- 
The ac t ive  shield volcanoes of the Galipagos Islands d i f f e r  ch ief ly  
from those on the Island of H a w a i i  in t h e i r  p rof i les ,  the dimension8 of t h e i r  
calderas,  and especial ly  i n  t h e i r  fissure-systems. Hawaiian sh ie lds  tend t o  
have the forms of overturned saucers, t h e i r  f l a t t i s h  tops passing outward t o  
gent le  slopes with average incl inat ions of only 3 O  t o  6'. 
shields ,  on the contrary, par t icular ly  the three northern ones, D a r w i n ,  Wolf, 
and Narborough, have the shapes of overturned soup p l a t e s  or even of the tor- 
t o i se s  from which the archipelago takes its name! 
approximate 18*, f l a t t en ing  rapidly near the base and top; the upper part of 
Wolf volcano is almost f l a t  but the slopes beyond increase t o  35"; the  slopes 
of the mighty Narborough shield also increase outward from a wide, f l a t t i s h  
bench a t  the summit t o  15" or 2 5 O ,  diminishing rapidly near the base u n t i l  
they again become almost f l a t .  
The Galkpagos 
The slopes of Darwin volcano 
1 The l a rges t  Gal&agos caldera, that of S ie r r a  
10 kilometers across,  though it  is a l so  the shallowest, 
Negra, measures 
being less than 
7 by 
110 
meters deep. 
tween 200 and 230 meters deep. 
Wolf and Narborough shields;  that of Wolf measures 5 by 7 kilometers from r i m  
t o  r i m ,  and 615 meters in depth; that of Narborough measures 4.6 by 6.7 kilo- 
meters at  the r i m ,  and 2.5 by 3.3 kilometers a t  the f loor ,  and its depth va r i e s  
from about 770 t o  845 meters. 
The almost circular Darwin caldera is 5 kilometers wide and be- 
Much more impressive are the calderas of the 
From a genetic standpoint, however, the pr incipal  difference between 
Gal6pagos and Hawaiian sh ie ld  volcanoes is in the geometry of t h e i r  feeding 
fissure-systems. Most Hawaiian shields,  as noted already, have two main rift 
zones that converge tovard the summit-calderas a t  angles of 120' or  more, and 
a th i rd ,  much weaker rift zone that b i sec t s  the other  two; arcuate rift zones 
around the calderas are conspicuous by t h e i r  r a r i t y  or absence. 
t ra ry ,  no volcanoes in the world display more spectacular examples of circum- 
f e r e n t i a l  f i s su res  around t h e i r  calderas or r a d i a l  f i s su res  on t h e i r  f lanks 
than do the ac t ive  sh ie ld  volcanoes of the Galgpagos Islands. 
On the con- 
The f la t  t i s h  benches surrounding the kliipag06 calderas are traversed 
by arcuate,  concentric f issures,  some of which are gaping cracks, though most 
are marked by chains of small spatter- and scoria-cones. 
flows have issued from these r ing  fractures  during recent times, but only a 
few have spread inward t o  cascade in to  the adjacent calderas; almost a l l  have 
poured outward, down the s teep flanks of the shields ,  t o  reach the sea. This 
seems t o  be the pr incipal  means by which the sh ie lds  now grow. 
length of the arcuate f i s su res  vary considerably, even around the same caldera, 
and probably no s ingle  f i s su re  describes a f u l l  circle a t  the surface,  though 
many may do so a t  depth. 
least  four concentric f i ssures ,  the outermost more than a kilometer from the 
Countless basa l t i c  
The number and 
Around parts of the Narborough caldera, there are a t  
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r i m .  No v e r t i c a l  displacements seem t o  have taken place on any of these c i r -  
cumferential f issures;  ra ther  than being formed by periodic subsidences, they 
probably owe t h e i r  or igin t o  periodic distensions of the sh ie lds  by r i s i n g  
magma. On the other  hand, the w a l l s  of some Gal6pagos calderas  are cut  by 
concentric, inward-facing f a u l t  scarps, a t  the bottoms of which magma has 
escaped t o  produce cinder- and spatter-cones or t o  form flows that have tum- 
bled t o  the caldera floors.  These arcuate f a u l t  scarps, and the arcuate ben- 
ches within a l l  of the calderas clearly indicate  spasmodic engulfments. 
The r a d i a l  f i s sures ,  so s t r ik ingly  developed on the f lanks of the 
Gal6pagos shields ,  originated during times of r i s i n g  magma, when the volcanoes 
tumesced. 
of the shields ,  but not nearly as much as the flows from the r ing  f rac tures  
around the summits. All of the radial f i s su res  a r e  marked by l i n e s  of spat ter-  
and scoria-conelets, many of which are breached on t h e i r  lower s ides  owing t o  
downslope extensions of the rifts during eruptive ac t iv i ty .  
The lavas  erupted from them have contributed grea t ly  to  the growth 
Our observations suggest that the s teep  slopes of the Gal&pagos 
sh ie lds  r e s u l t  mainly from distension as downward-widening ring dikes are 
in jec ted  into concentric f i s su res  encircl ing the calderas. Injection of 
sills from the cent ra l  conduits may be a subsidiary cause. The calderas 
or ig ina te  by collapse along r ing  fractures;  t h i s  may take place passively, 
by sinking of the heavy f loors  i n t o  underlying magma, o r  when support is 
removed as magma rises up the bordering f rac tures  t o  i s s u e  from the r i m  
vents  o r  breaks through rad ia l  fractures t o  pour down the f lanks of the 
shields.  Explosive a c t i v i t y  plays a negl igible  pa r t  in the process. 
C. Calderas associated with mixed eruptions from ring fractures.  
Glencoe Type (C 1) 
1. Glencoe. The f i r s t  cauldron subsidence t o  be described w a s  
that of Glencoe, Scotland, where a thick s e r i e s  of Devonian volcanic rocks 
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subsided within an oval area, approximately 8 kilometers across ,  enclosed by 
a ring intrusion. Clough, Maufe, and Bailey, in t h e i r  c l a s s i c  paper on t h i s  
cauldron (1909), supposed tha t  subsidence and marginal intrusion took place 
almost i f  not  ac tua l ly  a t  the same time, magma welling up around the subsiding 
block. 
resembled that of Askja in Iceland, though they could not be certain t h a t  r i m  
volcanoes ever surrounded the Glencoe caldera. 
They a180 thought that the surface caldera formed by subsidence probably 
The term 'Glencoe type' of caldera was introduced by W i l l i a m s  in 1941 
to  include "cauldron subsidences resul t ing from the collapse of the roof of a 
magma chamber along ring fractures, that is, stoping of cy l indr ica l  blocks of 
the crust". 
"withdrawal of magmatic pressure at depth or ,  more l i k e l y ,  foundering of heavy 
c rus t a l  rocks i n t o  l i g h t e r  magma below". 
idea that during o r  after subsidence of the cent ra l  block, magma might r ise  
along encircl ing fractures t o  feed r ing  volcanoes around a surface caldera. 
Recent s tud ies  of the Glencoe caldera by Roberts (1963, 1966) and 
Ring-fracture stoping w a s  thought t o  be consequent upon ei ther  
Implicit  i n  the def in i t ion  w a s  the 
Taubeneck ( in  press )  have shown that the downdropped volcanic rocks within 
the encircl ing r ing  dikes include two groups of rhyo l i t i c  ignimbrites inter-  
bedded with lavas  that range in composition from basa l t s  t o  andesites,  and 
with volcanic sediments. 
dhortly after the first group of ignimbrites was erupted from the peripheral  
ring fractures.  Most of the later lavas,  as w e l l  as the second group of ig- 
nimbrites, were also erupted from the marginal r ing-fault  zone. 
ments accumulated close t o  the caldera walls while f i n e r  sediments accumulated 
near the center. 
by in te rmi t ten t  subsidence of the caldera floor.  
g rav i ta t ive  s e t t l i n g  and magma discharge through r ing  fractures that cauldron 
subsidence w a s  brought about. 
Subsidence began a t  an ear ly  s tage,  during or 
Coarse sedi- 
Intermittent eruptions from r i m  volcanoes were accompanied 
It w a s  by a combination of 
complexes 
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Most, i f  not all of the  calderas associated with the Tert iary ring 
of Scotland and Ireland, the Triassic ones of New Ehgland, and the 
Permian ones of the Oslo d i s t r i c t ,  Norway, are calderas of the Glencoe type. 
None of them seems t o  have originated by collapse of the summit of a l a rge  
cent ra l  volcano; on the contrary, they appear t o  have been formed by long- 
continued, mixed eruptions from arcuate vents along and close t o  the margins 
of subsiding basins. 
vents surround8 a sinking caldera unless it be one that occupies the  s i t e  of 
a former volcanic cone. 
No modern analogue is known i n  which a ring of eruptive 
2. Lake A t i t l a n ,  Guatemala. The basin that hold6 Lake Ati t lan 
w a s  approximately c i r cu la r ,  measuring 19 by 21 kilometers across,  before 
three large,  youthful volcanoes, A t i t l a n ,  Toliman, and San Pedro grew along 
its southern s ide  ( f igures  15 & 16). Elsewhere, the w a l l s  of the basin con- 
sist of gently folded Pliocene lavas, ignimbrites, tuffaceous sediments, and 
diatomite6 that rest in part on plutonic rocks. The f a u l t s  scarps that en- 
Close most of the basin vary from about 300 t o  600 meters in height and are 
deeply eroded; on the south s i d e ,  however, pa r t i cu la r ly  near the young vol- 
canoes, the scarps are fresher ,  steeper, and lower, and they converge t o  the 
cent ra l  vent of the A t i t l a n  volcano. 
No volcano ever occupied the present s i te  of the Ati t lan basin, and 
its crudely c i r cu la r  ou t l ine  transects the s t ruc tu res  of the surrounding Plio- 
cene rocks a t  random. 
deep canyons separated by narrow divides that dwindled in height southward, 
toward the sea; but the out l ine of the basin in no way r e f l e c t s  the former 
topography. One is compelled to  suppose that the s i t e  of the basin was once 
Before the basin developed, its s i t e  was crossed by 
underlain by a 
huge volcanoes 
body of magma that was par t ly  or en t i r e ly  drained t o  feed the 
along the southern side, the combined volume of which exceeds 
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120 cubic kilometers. It w a s  probably t h i s  subterranean migration of magma 
that caused cauldron subsidence. Atit lan volcano rises from the r i m  of the 
cauldron, and i t  may be supposed that eruptions of lava from its cent ra l  
vent and from the neighboring Toliman and San Pedro volcanoes caused the 
southern pa r t  of the cauldron t o  subside still fa r ther ,  thus rejuvenating 
and steepening the adjacent f a u l t  scarps, j u s t  as the f loo r  of the A i r a  cal- 
dera a t  the head of Kagoshima Bay, Kyusyu, subsided when lavas  were erupted 
from the r i m  volcano of Sakura-jim in 1914 (f igure 17). 
1. Suswa Volcano, Kenya. The Suswa caldera ( f igure 18) is taken 
as an example of a caldera formed by engulfment of the top of a pre-existing 
volcano during and p r io r  t o  mixed eruptions from arcuate f i s su res  on the flanks 
(NcCall, 1963; McCall and B r i s t o w ,  1965; Johnson, 1966, and in prees). 
ances t ra l  volcano w a s  an asymmetric, shield-shaped cone, between 700 and 800 
meters high, b u i l t  on the f loor  of the Eastern Rif t  Valley of Kenya during 
Quaternary times by the outpouring of soda l i te  phonolite lavas. A period of 
qu ie t  and erosion followed the building of the primitive shield. The summit 
of the  sh ie ld  then collapsed and eruptions took place through the encircl ing 
fractures.  Collapse w a s  not the r e su l t  of the eruptions, as i n  calderas of 
Krakatoa type; on the contrary, i t  was the opening of r ing  fractures t h a t  i n i t i -  
a ted  the eruptions. The first ejecta  formed pumiceous lahars, up t o  2 meters 
thick,  on the outer f lanks of the  volcano; then followed much more voluminous 
deposit8 of wel l -s t ra t i f ied and well-sorted pumice, products of airborne showers, 
l oca l ly  as much as 60 meters thick. 
of the  volcano, but much of i t  accumulated against  the caldera wall. 
of viscous lava al ternated with the explosive eruptions. 
The 
Most of the pumice f e l l  on the outer slopes 
Effusions 
Many flows spread on 
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t o  the upper, outer  slopes,  but some poured down the s teep caldera w a l l s  
where they were interbedded concordantly between sheets  of inward-dipping 
pumice . 
The oval caldera measures roughly 8 by 12 kilometers across  and 
its w a l l s  reach a maximum height of 200 meters, but how its volume compares 
with that of the magma discharged by the  mixed eruptions from the encircl ing 
fractures is not known. 
Many lavas  then issued from f i s su res  on the floor of the caldera 
and a l a rge  cone was b u i l t  in the southwest part .  
annular collapse took place on the  f loor ,  producing a ring graben, between 
500 and 1,500 meters wide, with precipitous w a l l s ,  l oca l ly  more than 200 
meters high. Within t h i s  steep-walled trough l i e s  an oval, flat-topped 
l f is land block", 2.5 by 3.75 kilometers across,  most of i t  lying a l i t t l e  
belov the l eve l  of the top of the surrounding, inward-facing f a u l t  scarp. 
Die surface of the "island block" and the r i m  of the graben consis t  of intra- 
caldera lavas. Minor explosive eruptions occurred within the graben, but 
these contributed nothing t o  its formation. 
was probably the rise and subsequent withdrawal of magma from an underlying 
ring f i s s u r e ;  in other words, the graben is the surface expression of a ring 
dike t h a t  f a i l ed  t o  break through its roof. 
t inues wi th in  it. 
Subsequently, a remarkable 
The prime cause of the graben 
Fumarolic a c t i v i t y  still con- 
The Menengai caldera, which l i e s  about 150 kilometers north of 
Suswa, a l s o  within the Eastern Rift Valley of Kenya, was formed about 10,000 
years ago (McCall, 1957). When first described, i t  was considered t o  be a 
caldera of Krakatoa type, but i t  is now believed that collapse took place 
p r i o r  t o  and during explosive eruptions of pumice from marginal r ing  frac- 
tures. Here, however, the explosive eruptions were not accompanied by lava 
flows as they were a t  Suswa. 
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2. Medicine Lake caldera, northern California. A 
some 33 kilometers wide and 800 meters high, w a s  b u i l t  i n  the 
shield volcano, 
Medicine Lake 
Highland during Plio-Pleistocene times by quiet  effusions of ol ivine andesite 
(Anderson, 1941 1. 
produce a caldera having a volume of about 8 cubic kilometers, measuring ap- 
proximately 6.5 by 11 kilometers across and a t  least 150 meters deep. Ande- 
s i t i c  magma rose up the surrounding f rac tures  as the caldera sank, building 
r i m  volcanoes that obl i te ra ted  the caldera walls and poured lavas  down the 
outer  slopes of the shield. 
came more local ized,  and i n  addition t o  andesites they discharged rhyol i te  
and dac i t e ,  par t ly  as pumice and partly as lava flows. Finally,  during Recent 
time, a sheet of dac i te  poured on to the caldera f l o o r  from a vent near the 
center,  and copious quant i t ies  of rhyol i t ic  pumice were blown from vents a 
shor t  distance beyond the r i m ,  t o  be followed by la rge  flows of r h y o l i t i c  
obsidian. 
s lopes of the or ig ina l  sh ie ld  volcano and numerous cinder cones were formed. 
Its summit then collapsed along e l l i p t i c a l  f rac tures  t o  
Eruptions from the r i m  volcanoes gradually be- 
A t  about the same time, many flows of basa l t  poured over the lower 
D. Major volcano-tec tonic depressions 
Our only concern here is with those l a r g e  volcano-tectonic depressions 
associated with voluminous eruptions of s i l i ceous  pumice. 
however, t h a t  many of the world's chief r i f t  val leys ,  including those of Fast 
Africa and the Rhine, are a l s o  volcano-tectonic i n  origin. 
generally re la ted  t o  the r ise of alkaline magmas i n t o  the c r u s t  along l i n e a r  
b e l t s ,  par t icu lar ly  of basic ,  ultrabasic,  and carbonatite magmas. The r i s i n g  
magmas uparch t h e i r  roofs ,  producing l i n e a r  welts the apices of which collapse 
t o  form rifts. Nagmas break through t o  the surface,  both inside and outside 
the rifts, before, during, and mainly a f t e r  periods of fault ing.  
It should be noted, 
Such r i f t s  are 
But consid- 
* -41- 
6 .  
erat ion of these complex relationships is beyond the i n t e n t  of the present 
study, which is t o  describe and examine the or igin of collapse-depressions 
formed in d i r e c t  connection with large-scale explosive eruptions of s i l i c -  
eous magmas. 
1. The Toba depression, north Sumatra. Much c r e d i t  is due t o  
van Bemmelen f o r  h i s  ear ly  recognition of how the huge basin that holds 
Lake Toba was formed. Already, in 1929, he real ized that the basin must 
have been formed by collapse consequent upon the rapid eruption of the 
enormous volume of pumice which surrounds the lake; and ten years later, 
though not  the f i r s t  t o  recognize tha t  p a r t  of the lake-floor w a s  upheaved 
t o  form the Island of Samosir, he was the f i r s t  t o  emphasize the importance 
of such "resurgent doming", a feature now known t o  typify many calderas of 
the Valles type. 
The western pa r t  of Sumatra is occupied i n  l a rge  part by the lengthy 
Barisan Range, which was uparched during Pliocene and Early Pleistocene time 
by the  r i s e  of linear plutons, some of which served as feeders t o  andes i t ic  
volcanoes. When the arch reached a cr i t ical  height, its c r e s t  collapsed, 
forming an ap ica l  graben, the Semangica rift zone, analogous in many ways t o  
the Rhenish and African rift valleys already mentioned. Andesitic volcanism 
continued along and near the Semangka rift zone, i n  some places down t o  his- 
t o r i c  times; l oca l ly ,  however, rhyo l i t i c  and d a c i t i c  pumice was discharged 
suddenly and in immense volumes from the tops of domical u p l i f t s  or 'tumors' 
t h a t  rose above the general l e v e l  of the regional arch, as around Lake Ranau 
i n  south Sumatra and Lake Toba in north Sumatra. 
During Late Pleistocene time, continued r i s e  of the 'Batak tumor', 
on the present s i t e  
the upward-presshg 
of Lake Toba, resul ted i n  f ractur ing of the roof so that 
magma w a s  able  t o  issue explosively as r h y o l i t i c  pumice 
4 
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( f igure 20). 
meters of pumice were erupted. 
pressure Vulcanian type, f o r  pumice showered over southern Nalaya, 300 t o  400 
kilometers away, but by far the greater part of the e jec ta  swept swif t ly  over 
the ground as glowing avalanches or pumice flows, inundating 20,000 t o  30,000 
square kilometers of the Toba region, l oca l ly  t o  a thickness of 600 meters. 
deposits of these pyroclast ic  flows are almost wholly uns t r a t i f i ed ,  and they 
contain conspicuously f e w  fragments of older andesi tes  and 'bedrocks'. 
During a s ingle  paroxysmal phase, approximately 2,000 cubic kilo- 
The init ial  eruptions must have been of the high- 
The 
During and immediately following these eruptions, the source-area 
foundered, producing the Toba depression, the crudely rectangular shape of 
which was controlled chief ly  be pre-existing f rac tures  in the basement. 
lake i tself  is 87 kilometers long; the encircl ing depression is 100 kilometers 
long and has a maximum width of jl kilometers. 
sa id  t o  vary from 800 t o  2,000 meters, and the or ig ina l  volume of the depression 
approximates 2,000 cubic kilometers, equalling that of the erupted pumice. 
The 
The amount of subsidence is 
How soon the  f loor  of the grea t  depression began t o  rise a f t e r  the 
collapse cannot be told. It is apparent, however, t h a t  the ancestral  Lake 
Toba began t o  form shor t ly  a f t e r  the engulfment, so that s t r a t i f i e d  t u f f s  and 
diatomites accumulated on its floor. Rise of magma ultimately l i f t e d  part of 
the f l o o r  t o  produce a ''resurgent dome", represented by the Island of Samosir 
and the  adjacent Prapat peninsula (figure 19). 
Samosir d ip  in wes te r ly  direct ions,  whereas s t r a t i f i e d  beds on Prapat penin- 
s u l a  d ip  in opposite directions.  
65 kilometers long and 2 to  8 kilometers wide, comparable t o  the ap ica l  grabens 
that cu t  the resurgent domes in the  Valles, Creede, and Timber Mountain calderas. 
Diatomite layers  a r e  present on Samosir t o  a height of 210 meters above the pre- 
sent lake leve l ,  but obviously the amount of u p l i f t  was considerably greater ,  
reaching a maximum in the region now occupied by the ap ica l  graben. 
Uplifted lacustrine beds on 
Between them runs a flooded, ap ica l  graben, 
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During u p l i f t  of the floor of 
the Valles type -- s i l i ceous  magma rose 
Lake Toba -- as in many calderas  of 
i n t o  the ap ica l  graben and i n t o  the 
moat surrounding the resurgent dome. 
ded i n t o  the  graben and dikes  of andesite were injected i n t o  the walls. 
small volcano, formed of s i l i ceous  andesi te  or daci te ,  a l s o  grew between the 
western shore of the is land of Samosi r  and the adjacent wall of the Toba de- 
pression, while other  domes of s i l i ceous  lava rose near the southern wall. 
A t  about the same time, andes i t ic  volcanoes continued t o  be ac t ive  outs ide 
the depression. 
Several domes of rhyo l i t e  were protru- 
A 
2. The Taupo Volcanic Zone, New Zealand. All of the ac t ive  vol- 
canoes and almost all of the  boiling pools and geysers of New Zealand are 
concentrated i n  the North Island, within the north-northwest - trending Taupo 
volcanic zone, the median s t r i p  of the Central Volcanic Region. 
narrow southern part of the zone l i e  the l a rge ,  recent ly  ac t ive  andes i t ic  
volcanoes of the  Tongariro National Park, including Ruapehu and Ngauruhoe; 
within the narrow northern part l i e  the andes i t ic  cones of M t .  Edgecumbe and 
White Island. 
beyond, on t o  the Kaingaroa and Patatere plateaus,  is a v a s t  expanse of rhyo- 
l i t i c  ignimbrite and bedded, a i r f a l l  pumice, associated with many l a rge  domical 
p i l e s  of rhyo l i t i c  lava. Sporadic occurrences of andesi te  a r e  present c lose t o  
the margins of the r h y o l i t i c  province; basalt8 a r e  r a r e  and all are confined t o  
the province, spec i f i ca l ly  t o  the three pr inc ipa l  r h y o l i t i c  eruptive centers  
(Thompson, 1964 1 . 
Within the 
I n  between, occupying the widest part of the zone and spreading 
The Taupo volcanic zone has long been recognized t o  be a major st ruc-  
tural depression. 
t i a r y  and Quaternary marine sedimentation (Gregg, 1961); in the opposite direc- 
t i on  it is prolonged through the Kermadec and Tonga Islands,  almost t o  Samoa. 
It continues southward i n t o  the Wanganui Basin of Late Ter- 
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These per fec t ly  aligned l i n k s  form a volcanic chain crossing the southwest 
Pacif ic  for a distance of about 2,000 kilometers, bordered fo r  much of the 
distance by parallel submarine trenches (f igure 21). 
The Central Volcanic Region of the North Island is a c rude ly  tri- 
angular area flanked by southward-converging mountains composed pr incipal ly  
of Mesozoic and Paleozoic graywackes (f igure 25). 
d e s i t i c  cones of the  Tongariro National Park, i t  is essent ia l ly  a vas t ,  
r e l a t ive ly  low-lying rhyo l i t i c  plateau. 
Mountains, the graywackes, the 'basement rocks',  r i s e  t o  elevations of more 
than 1,500 meters above sea-level; t o  the west, in lower, discontinuous ranges, 
some of them rise almost 1,OOO meters above sea-level. Yet beneath the Taupo 
Volcanic Zone, a l l  of these basement rocks l i e  below sea-level, and generally 
far below. A t  the southern end of the zone, under the high andesi t ic  cones, 
the basement generally l i e s  several hundred meters below sea leve l ,  sinking 
t o  more than 1,OOO meters below sea l eve l  under Lake Taupo (f igure 24). S t i l l  
f a r the r  north,  some of the basement rocks s ink t o  three times that depth. "he 
axis of grea tes t  subsidence coincides approximately with the ax i s  of the Taupo 
Volcanic Zone, and i t  therefore seems reasonable t o  suppose tha t  the subsidence 
is genet ical ly  re la ted  t o  volcanism. 
Ekcept f o r  the high an- 
To the east, in the rugged Kaimanawa 
The r h y o l i t i c  ignimbrite eruptions of New Zealand, like those of 
Sumatra, followed a long period of intermit tent ,  sh i f t i ng  upl i f t s .  The major 
u p l i f t  of the western graywacke ranges probably began during Late Miocene times 
and was completed by the close of Miocene or during Early Pliocene times 
(Thompson, 1964). Subsequently, during Late Pliocene o r  Early Pleistocene 
times, af ter  an i n t e rva l  of s t a b i l i t y  and erosion, and not long before the 
first rhyo l i t i c  eruptions,  there was a minor u p l i f t  of a few hundred meters. 
Uplift of the eastern graywacke ranges generally took place later, beginning 
i n  Late Pliocene time and not reaching its maximum u n t i l  Early or Middle 

Fig. 2.2. Present extent of ignimbrite in the central North 
Island (including areas buried by younger deposits). 
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Possible Ring Structures 
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Pleistocene time. 
magma, and i t  w a s  probably the opening of tension f i s su res  on the c r e s t s  
of the u p l i f t s  t h a t  i n i t i a t e d  explosive a c t i v i t y  by releasing pressure on 
the r i s i n g  magmas. Accordingly, rhyo l i t i c  eruptions generally began ear- 
l i e r  i n  the western part of the Central Volcanic Region, and most of the 
youngest ignimbrite sheets  a r e  concentrated in the eastern part. 
These u p l i f t s  were probably caused by r i s i n g  bodies of 
A shallow tectonic basin seems t o  have been present before the 
r h y o l i t i c  eruptions began, but most of it must have been above sea level.  
The present deep trough in the basement was caused by intermit tent  down- 
warping and downfaulting that accompanied the discharge of r h y o l i t i c  magma. 
Between Late Pliocene and Late Pleistocene times, pyroclastic flows inundated 
more than 25,OOO square kilometers. 
kilometers i n  volume; one sheet my have twice that volume. 
make up approximately 15,OOO cubic kilometers (Healy, 1962). 
Some ignimbrite sheets  exceed 200 cubic 
Together they 
"he Kaingaroa Plateau is  a huge segment of the Kaimanawa graywacke- 
range that sank and s l i d  westward, toward the cen t r a l  part of the Taupo Vol- 
canic Zone, where removal of magmatic support by eruptions w a s  greatest. The 
plateau is, i n  a sense, a gigantic landslide block that l e f t  an arcuate  embay- 
ment, more than 150 kilometers acroes, on the western flank of the Kaimanawa 
Mountains, and i t  owes its subdued r e l i e f  t o  bu r i a l  by some of the last  sheeta 
of ignimbrite re la ted  t o  the Okataina volcanic center. 
Countless north-northeast - trending normal f a u l t s  traverse the 
Taupo Volcanic Zone, some of them separating i t  from the adjacent ignimbrite 
plateaus. 
and i t  has continued intermittently ever since. 
grabens characterize the landscape, and most of the hot spring areas are local-  
ized on f a u l t s  ( f igure 2 3 ) .  
Faulting began soon a f t e r  the first ignimbrites were discharged, 
Abundant narrow hors t s  and 
In  addition t o  the linear f a u l t s ,  there  are more or less c i r cu la r  
These depressions mark the source= depressions bordered by r ing  fractures. 
areas of most of the ignimbrites, and each tends t o  be associated with a dis- 
t inct ive type of ignimbrite (Healy, 1962). 
Taupo Volcanic Zone; the exception, Rotorua caldera,  is tangent t o  its western 
margin. 
A l l  but one of them l i e s  within the 
Lake Rotorua l i e s  in the bottom of a c i r cu la r  basin, about 16 kilo- 
meters across,  formed during Middle and Late Pleistocene times by sinking of 
part of the western ignimbrite plateau t o  a depth of more than 400 meters. 
During and after the subsidence, effusions of viscous rhyol i te  lavas  produced 
a series of large domes, first along the r i m  and then on the floor of the cal- 
dera, one dome being s l iced  i n  half by the collapse. 
The l a rges t  of the c i rcu lar  depressions is the O k a t a i n a  volcanic 
center, which measures approximately 33 kilometers across. It was formed 
after the Rotorua caldera, during Late Pleistocene times by a subsidence of 
more than 300 meters. Most of the depression was then f i l l e d  by a group of 
coalescing rhyo l i t i c  domes, the la rges t  of which forms M t .  Haroharo and M t .  
Tarawera. 
i f  not  all of the domes, and i n  2886 explosions of basa l t i c  scor ia  issued from 
a rift cu t t ing  the Tarawera domes. 
Explosive eruptions of rhyol i t ic  pumice preceded the rise of most, 
A th i rd  eruptive center,  Maroa, l i e s  between the Okataina center  
and Lake Taupo. 
a f t e r  it collapsed a c lus t e r  of coalescing rhyol i te  domes developed on its 
f loo r ,  along north-northeast - trending f rac tures ;  other domes rose along 
the west and southwest parts of the caldera rim, forming the Mokai Ring 
Complex. A fourth c i r cu la r  depression, the Tokaanu volcanic center,  ad- 
joins the  southern end of Lake Taupo. 
i t  a l s o  contains a group of intra-caldera rhyo l i t i c  domes, and, l i k e  the 
Many ignimbrite eruptions took place a t  t h i s  center,  and 
Though much smaller than the others ,  
. 
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Haroharo caldera within the Okataina center, i t  is associated with Quaternary 
basalts.  
Copious eruptions of ignimbrite are a l s o  responsible f o r  the down- 
Indeed warping and downfaulting that produced the basin holding Lake Taupo. 
its 'Western Bay' is a collapse caldera on the s i t e  of an eruptive center. 
During the last  10,OOO years, since the lake was formed, many eruptions of 
rhyo l i t i c  pumice have taken place from vents beneath its eastern part, leaving 
extensive sheets  of mantle-bedded e jec ta  over the surrounding region. 
of these eruptions, which occurred only about 1,800 years ago, was as v io len t  
perhaps as any witnessed by man i n  h i s t o r i c a l  times (Healy, 1964). 
The last  
Ample evidence has l a t e l y  been found t o  indicate  tha t  the rhyo l i t i c  
ignimbrites of the %up0 Volcanic Zone were derived by melting of the gray- 
wacke basement and of some of the underlying g ran i t i c  and gneissoid rocks; 
moreover, melting must have taken place a t  f a i r l y  shallow depths t o  permit 
the regional downwarping and circular  collapses j u s t  enumerated. 
other  hand, the andesi tes  tha t  form the high volcanoes of the Tongariro 
National Park seem t o  have originated a t  grea te r  depths, perhaps from frac- 
tu res  that penetrate the c rus t  t o  the underlying mantle (Healy, 1962). 
On the 
The Basin of Lake Ilopango, El Salvador. 
east-southeast across  the southern pa r t  of El Salvador in to  the Gulf of 
Fonseca (Williams and Meyer-Abich, 1955). 
cene o r  Early Pleistocene times by foundering of the crest of a broad gean- 
t i c l i n e  crowned by a b e l t  of volcanic cones. 
been f i l l e d  by growth of large Quaternary volcanoes, composed pr inc ipa l ly  
of andesite and basalt.  
mately 8 by 12 kilometers across,  enclosed by s teep w a l l s ,  from 150 t o  500 
meters high, consisting mostly of dac i te  pumice. 
A median trough runs 
It w a s  formed during Late Plio- 
Most of the trough has since 
Midway along the trough l i e s  Lake Ilopango, approxi- 
-48- 
A deep graben was already present on the s i te  of the lake before 
the pumice deposits began t o  accumulate. 
alescing cluster  of Pel& domes of andesi te  was growing a few kilometers 
t o  the west of the or ig ina l  Ilopango basin, domes of dacite began t o  grow 
within i t  and a shor t  distance t o  the north, accompanied by explosions of 
pumice. 
u n t i l  the  basin was l a rge ly  f i l l e d ,  and glowing avalanches of pumice, along 
with pumice lahars, were able  to  pour over the northern r i m .  
l apse  then took place, controlled by the boundary f a u l t s  of the graben, so 
that a new basin w a s  produced, a l m o s t  commensurate with the or ig ina l  one. 
During ear ly  s tages ,  
Roughly a t  the same time as a co- 
Activity of t h i s  kind continued intermit tent ly  f o r  a long time 
Wholesale col- 
The process of f i l l i n g  was then repeated. 
l a rge  volumes of pumice were l a i d  down by streams; subsequently, as new 
dome8 rose and explosive a c t i v i t y  was resumed, pumice accumulated from air- 
borne showers, glowing avalanches and lahars unt i l  the p i l e  again grew high 
enough t o  permit some of the latest avalanches and lahars t o  spread across 
the northern r i m .  The presence of deeply weathered zones between many of 
the pumice sheets  denotes that the f i l l i n g  process was often interrupted 
by long in te rva ls  of quiet. Finally, a few thousand years ago, during or 
immediately a f t e r  the last pumice eruptions, a second collapse took place, 
forming the present depression. The volume engulfed w a s  between 40 and 60 
cubic kilometers; the  volume of magma discharged by the last eruptions w a s  
t r i v i a l  by comparison; it appears, therefore,  that the prime cause of engulf- 
ment was withdrawal of magma a t  depth. 
Since the second collapse, a northwest-trending line of dac i te  domes 
has developed on the f loor  of the depression, the l as t  of them r i s i n g  near the 
middle of Lake Ilopango in 1880, its pinnacled top forming the rocky i s le t s  
known as the Islas Quemadas. 
1 -49- 
Distribution of Calderas  
The d is t r ibu t ion  of Quaternary calderas is irregular .  
very f e w ,  f o r  example, throughout the length of the Andes, and most of those 
recorded in  the l i t e r a tu re  measure only 3 or 4 km. across,  one exception 
being the caldera of Antuco i n  Chile. 
Costa Rica, and the 'Neo-Volcanic Zone' of Mexico, and only one, the 
Qualibou caldera on the is land of St .  Lucia, has been described from the 
West Indies. The Cascade Range, which s t re tches  1,OOO km. northward from 
Lassen Peak i n  California t o  Mount Garibaldi i n  Br i t i sh  Columbia, contains 
scores of la rge  volcanic cones, yet Crater Lake, Oregon, is its only caldera. 
On the other  hand, a t  least ten calderas are present i n  Nicaragua, El Salvador, 
and Guatemala, and they are abundant i n  the volcanic chains of the Alaska and 
Kamchatka peninsulas and in the Aleutian Islands. Several small calderas and 
many cones with soma-rims a few kilometers across  are t o  be seen i n  the 
Kurile Islands. 
deras,  but on the  intervening island of Honsyu there are only two, namely 
Towada and Hakone. 
the enormous s i ze  of many of the  volcanoes; for instance, the g ian t  volcanoes 
of Nyamlagira, Niragongo, and Kilimanjaro have steep-walled summit-pits mea- 
suring no more than 2 km. across. 
There are 
No calderas are known i n  Panama, 
Both Hokkaido and Kyusyu are unusually r i c h  i n  la rge  cal-  
Calderas are re la t ive ly  rare in East Africa, despi te  
Nowhere in  the world a re  la rge  calderas more abundant and closely 
spaced than in the Hawaiian and Galipagos Islands. 
basa l t i c  sh ie ld  volcanoes on Albemarle Island in the GalApagos archipelago has 
an exceptionally large caldera, and some are of unusual depth (see page 33) .  
Yet in other  Pacif ic  archipelagos, e.g. the Society Islands,  calderas are 
conspicuous by t h e i r  absence. 
a composite volcano b u i l t  l a rge ly  of fragmental e j ec t a  of intermediate compo- 
Each of the  f i v e  coalescing 
The only caldera in Iceland is that of Askja, 
. 
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s i t i o n ;  the basa l t i c  sh ie ld  volcanoes, more characteristic features  of the 
Icelandic landscape, contain only small summit-sinks, perhaps because each 
was 
has 
l i e  
the 
b u i l t  rapidly by almost continuous discharge of 
suggested. 
Calderas of the Valles type tend t o  occur 
within volcanic chains, as do those in Hokkaido 
f l u i d  lava,  as Walker 
i n  c lus t e r s  some of which 
and Kyusyu and those in 
North Island of New Zealand, whereas others,  such as those formed in Mio- 
Pliocene times in southwest Nevada, seem t o  be d is t r ibu ted  a t  random, showing 
no apparent control by regional structures.  
Reynolds (1956) has suggested that calderas i n  orogenic regions, 
such as Lake Toba in Sumatra, d i f f e r  from those in kratogenic regions, such 
as the Br i t i sh  r ing  complexes, in being associated with much more voluminous 
ignimbrites. This supposed difference, she thought, might r e f l e c t  d i f f e ren t  
l e v e l s  of erosion, the Toba depression being of Quaternary age while the 
Br i t i sh  r ing  complexes are of Tertiary and Devonian age; a l te rna t ive ly ,  she 
added, the difference might "represent an initial difference correlatable  
with tlne r e l a t ive ly  grea te r  thickness of s i a l i c  basement rocks, together 
with a greater head of gas in orogenic zones". 
views. 
of ignimbrite, and ignimbrites a re  p l en t i fu l  in the Permian r ing  complexes of 
the Oslo region, Norway, which l i e  in a kratogenic region. 
scarce in the Andes, as w e  have noted, although the s ia l ic  c rus t  in that region 
is unusually thick; on the other hand, calderas of the Valles type associated 
with colossal  sheets  of ignimbrite are especial ly  numerous in southwest Nevada 
where geophysical s tud ies  indicate the s ia l ic  c rus t  t o  be uuusually thin. 
Clearly, many other fac tors  control the d is t r ibu t ion  and kinds of calderas,  
among them the depth of the magma chamber, the nature,  par t icu lar ly  the s t rength 
of its roof, the volume of magma discharged immediately before collapse takes 
We cannot subscribe t o  these 
The Devonian ring complex of Glencoe contains a t  least two thick sheets  
Calderas are notably 
-51- 
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place, and the rate a t  which the magma chamber is drained a t  the surface and 
replenished from below. 
Atti tudes of Boundary Faul ts  
E. H. Anderson's often quoted s tudies  (1936, 1937) of the dynamics 
of formation of cone-sheets and ring-dikes are la rge ly  responsible f o r  the idea 
tha t  calderas  and cauldron subsidences are surrounded by outward-dipping frac- 
t u r e s ,  h i s  view being that such fractures  develop when magmatic pressures are 
reduced. The idea gained fur ther  support from those who maintained that sub- 
sidence necessary for caldera formation cannot take place i f  the encircl ing 
f rac tures  d ip  inward. A l l  have agreed, however, t ha t  none of the boundary 
f rac tures  depart much from the ver t ical .  
Surprisingly few measurements have been made of the dips  of ring 
dikes enclosing cauldron subsidences. Clough, Maufe, and Bailey, in  t h e i r  
account of the f i r s t  such dikes t o  be recognized, namely those of Glencoe, 
s a i d  that along the north side of the cauldron the  boundary f a u l t  dips out- 
ward a t  50" t o  70°, whereas on the opposite s ide  i t  dips  inward. 
clusion w a s  that the cauldron was i n i t i a l l y  a v e r t i c a l  cylinder that was later 
t i l t e d .  
prototype of a l l  ring-dikes, which surrounds the younger of the two calderas 
of Mull, sa id  tha t  there is 'la s l igh t  suggestion of a general outward inclina- 
t ion  ...... but far more evidence is required upon t h i s  point". Richey, writing 
of the  ring-dikes of Ardnamurchan, w a s  not sure  whether they are ver t i ca l ,  d ip  
inward or outward. 
cal, and it has therefore been assumed tha t  space f o r  t h e i r  emplacement was 
produced by stoping of blocks between concentric fractures.  
Their con- 
Bai ley,  in discussing the famous Loch B6 fe l s i t i c  ring-dike, the 
A l l  of the ring dikes of New England are essent ia l ly  ver t i -  
A powerful argument in favor of the idea that the  boundary f a u l t s  
around calderas d ip  inward is the  widespread 'basining' of intra-caldera beds. 
p .  -52- 
C '  
' The cauldron subsidence of the Ossipee Mountains, the first of the New &gland 
r ing  complexes t o  be described, provides an excel lent  example. 
(19311, i n  her account of t h i s  sub-circular cauldron, which approximates 15 
kilometers in diameter, s ays  t h a t  the encircl ing ring-dike of nordmarkite, 
which var ies  from about 30 meters to more than 1.5 kilometers in width, is 
prac t i ca l ly  vertical .  
dip inward, a t  diminishing angles toward the center. This 'basining' seemed 
t o  her t o  have resul ted from di f fe ren t ia l  sagging of the volcanic rocks be- 
tween ve r t i ca l  f a u l t s  or from compression caused by convergence of the ring- 
f a u l t s  a t  depth. 
Louise Kingsley 
Yet a l l  of the bedded volcanic rocks within the ring 
Pillow basa l t s  inside the ear ly  caldera of Mull are a l s o  'basined', 
suggesting long-continued subsidence of flows discharged on t o  the sinking 
f l o o r  of a lake. 
Oahu are a l s o  basined, presumably because the boundary f a u l t s  dip inward. 
The volcanic and sedimentary rocks ins ide  the Glencoe cauldron are not only 
'basined', but loca l ly ,  close t o  the margins of the cauldron, they are over- 
turned. 
f a u l t s  must dip inward. 
of r i n g  complexes dipped outward, subsidence would have produced far more 
complete r ing  dikes and fewer partial r ings  than are ac tua l ly  observed; how- 
ever, Model1 and other  students of Bil l ings,  i n  t h e i r  work on the r ing  com- 
plexes of New &gland, have shown that partial r ings  can be produced by eccen- 
t r ic  and sideways sinking of blocks bounded by outward-dipping fractures.  
And Macdonald says that beds ins ide  the Koolau caldera on 
These relat ionships  convinced Reynolds and Roberts that the  boundary 
Roberts went on t o  argue that i f  the boundary f a u l t s  
Gravity surveys of Japanese calderas of the Krakatoa and Valles types 
l ed  Yokoyama t o  conclude not merely that the boundary fac'ts dip inward but that 
they do so at  very low angles. 
calderas  were not produced by subsidence but by evisceration of volcanic cones 
by v io len t  explosions, the resul tant  depressions being largely f i l l e d  by infall 
He w a s  therefore forced t o  the view that the 
' .  
L .  
of l i g h t ,  pumiceous ejecta. 
t i v e  scarc i ty  f a c t  of l i t h i c  
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These conclusions a r e  inconsistent with the rela- 
ejecta around calderas;  nowhere do they approach 
the volumes of the calderas themselves. 
Moreover, gravi ty  measurements are incapable of detecting faults 
in rocks of uniform densi t ies ;  consequently, Yokoyama's interpretat ion may 
be based on the presence of loose material covering the f loors  of the cal-  
deras r a the r  than on underlying denser roofs  of the downfaulted blocks. 
Some ring-dikes enclosing cauldron subsidences are known t o  d ip  
outward. For example, some crescentic dikes surrounding cauldrons i n  the 
Sara-Fier d i s t r i c t  of Nigeria show outward dips  of both t h e i r  inner and 
outer  contacts, 
of southeast A u s t r a l i a ,  which measures 16 by 30 kilometers across,  the intra- 
caldera beds dip  inward despi te  t h e  f a c t  that the enclosing ring-dike dips  
outward a t  75" t o  800, 
And H i l l s  (1958) points  out that in the Cerberean caldera 
The v i s ib l e  walls of the summit-caldera of the basa l t i c  volcano 
0-sima, Japan, are precipitous. A boring made less  than 10 meters from the 
base of the w a l l  penetrated more than 160 meters without in te rsec t ing  the 
boundary faul t .  
A potent argument i n  favor of the idea of inward-dipping fractures 
is the f a c t  t ha t  such f rac tures  must often develop during the doming that 
usually precedes the climactic explosions which accompany and follow the 
formation of calderas of the Valles, Glencoe, and Suswa types. Such doming 
is known t o  precede the discharge of f l u i d  lavas  tha t  accompanies sinking of 
the f loo r s  of Hawaiian calderas. And perhaps an init ial  doming produces ar- 
cuate, inward-dipping fractures  on the f lanks of some composite volcanoes that 
subsequently collapse t o  form calderas of the Krakatoan type. 
eakat- calderas or iginate  by sudden catastrophic engulfment. So 
sudden were the collapses that produced the calderas of Krakatoa and Santorin 
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* .  
that they generated devastating tsunamis (see pages 10 and 15). Collapses 
of t h i s  kind can hardly take place i f  the encircl ing f rac tures  maintain an 
inward d i p  a t  depth (see pages 60-62). 
calderae, except f o r  some of Katmai and Suawa type, or iginate  by intermittent 
and long-continued subsidence, and t h e i r  development may well be f a c i l i t a t e d  
by repeated widening of the boundary fractures by recurrent doming, Sudden, 
large-scale col lapses  are most l i k e l y  t o  occur if the boundary fractures d ip  
outward, or i f  f rac tures  that d ip  inward close t o  the surface pass downward 
i n t o  v e r t i c a l  and outward-dipping fractures;  they are a l s o  l i k e l y  to  occur 
where subsidence starts near the center of the  i n t e r i o r  block and spreads 
quickly toward the margins. 
On the  other  hand, almost all other  
As l a rge  volcanoes continue t o  grow, swelling and subsiding re- 
peatedly in response t o  the rise and fa l l  of underlying magma, inward-dipping 
fractures tend t o  develop during episodes of resurgence whereas outward-dipping 
f rac tures  tend t o  develop during episodes of withdrawal. Many volcanoes there- 
fore  tend t o  be bordered by a plexus of arcuate f rac tures  of varying dip,  and 
perhaps t h i s  is one of the reasons why calderas of the Krakatoan type evolve 
suddenly. 
s ions  of the Toba type never evolve on the s i tes  of long-lived volcanic cones; 
on the  contrary, most of them evolve over bodies of s i l iceous,  anatectic magma 
that rise in te rmi t ten t ly  but r a r e l y  recede, so that almost all of the arcuate  
f rac tures  they produce tend t o  dip inward. 
Calderas of the Glencoe and Valles type and volcano-tectonic depres- 
One of the strongest advocates of the idea that calderas are sur -  
rounded by inward-dipping fractures  was Escher (1929; f o r  t h i s  and other  
references t o  h i s  papers, see Williams, 1941). 
unduly influenced in t h i s  regard by Perre t ' s  c l a s s i c  account of the 1906 
eruption of Vesuvius, when the central conduit was grea t ly  enlarged by the 
coring act ion of uprushing gas, 
Escher appears t o  have been 
The sequence of events during that grea t  
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' eruption may be b r i e f ly  
phasef1, from April  4 t o  
of l ava  at  successively 
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summarized. During the initial '*luminous l i q u i d  l ava  
8, the cent ra l  conduit w a s  rapidly drained by outflows 
lower l eve l s  u n t i l ,  as Perre t  says, the  magma-level 
sank 200 meters below sea-level. 
place suddenly t o  a "gas phase" tha t  l a s t e d  18 hours. 
va l ,  a column of gas some 500 meters wide rose s t ead i ly  from the mouth of the 
conduit a t  a rate of 500 meters a second t o  a height of l3,OOO meters. 
uprushing gas abraded the walls of the conduit, g rea t ly  increasing t h e i r  dia- 
meter. 
phase the  oversteepened w a l l s  of the conduit repeatedly crumbled and collapsed, 
so that by the time the eruptions came t o  an end, the  conduit had expanded in 
diameter from 75 t o  5CO meters and the s lope of its walls had increased from 
approximately 35' t o  between 65" and 75'. 
n t  33:s  a.m. of April 8, the l ava  phase gave 
During t h i s  b r i e f  inter- 
The 
Then followed a "dark ash phase" that l a s t e d  two weeks. During t h i s  
Escher argued that much l a rge r  cyl inders  might be cored through vol- 
canic cones in t h i s  fashion, t h e i r  s i z e  being a function of the veloci ty  of the 
uprushing gases. 
of as much as 50 kilometers. 
that the adjacent rocks would founder along inward-dipping "s l iding planes" 
t o  produce calderas. Elsewhere, Williams (1941) has i n s i s t ed  that the vol- 
ume and character  of the l i t h i c  e jec ta  among the  pyroclast ic  deposi ts  surroun- 
ding calderas  makes t h i s  interpretat ion untenable. 
l i t h i c  debr i s  blown out p r i o r  to  caldera formation vas t ly  too small, but 
near ly  a l l  such debr i s  comes from shallow depths, whereas much of i t  would 
have t o  or ig ina te  from deep, sub-volcanic l e v e l s  i f  Esther's explanation were 
correct .  
p lace a t  Vesuvius in 1906. 
He even suggested that cyl inders  might be cored from depths 
Once l a rge  cyl inders  were formed, he thought 
Not only is the volume of 
H i s  gas-coring mechanism w a s  based on a mistaken view of what took 
The short-lived '*gas phase" of that eruption w a s ,  
in our opinion, caused by sudden influx of groundwater 
a t ed  magma chamber following the i n i t i a l  outpouring of 
i n t o  the p a r t l y  evacu- 
lava. Steam-blast 
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eruptions of t h i s  kind cannot originate a t  very great depths such as those 
visualized by Escher as the explosion-foci from which cylinders are cored 
t o  the surface. The subject  might be dismissed a t  t h i s  point were i t  not  
f o r  Reynolds' revival  of Escher ' 8  opinions. 
Reynolds (1956) writes  as follows: "If the s i a l i c  c rus t  were 
perforated by escaping gas-streams it  is p rac t i ca l ly  inevi table  that pyro- 
clastic material derived therefrom would be rad ica l ly  changed in composi- 
tion. A l l  that would be necessary f o r  t h i s  t o  happen is that alkalies, and 
perhaps other const i tuents ,  should be transported by the gas ....... I f  added 
t o  th i s  the gas had a temperature high enough t o  melt the fine-grained ac id  
material it transported then the l a t t e r  would be su f f i c i en t ly  disguised t o  
appear as w h a t  W i l l i a m s  calls "new magma" ....... W h a t  one requires  to  know 
is not  how much recognizable crustal  material w a s  erupted p r io r  t o  caldera- 
formation, but whether su f f i c i en t  acid lava or pyroclast ic  material, that 
could have been derived by transfusion of s ia l ic  rocks, w a s  erupted". In 
reply,  i t  must su f f i ce  t o  say that a l l  of the l i t h i c  ejecta erupted with 
the pumice during formation of the caldera of Krakatoa in 1883 consis t  of 
unaltered or a t  most very weakly al tered fragments torn from the pre-existing 
volcanic cones and from underlying Late Cenozoic sediments; nothing i n  the 
composition o r  mineral-content of the associated pumice suggests derivation 
by ' transfusion'  of rocks derived from the deeper, pre-volcanic basement. 
The same may be m i d  concerning the pyroclast ic  ejecta around all calderas 
of the Krakatoa type. 
kilometers, as envisaged by EGcher, would t raverse  a wide range of rock 
types; it s t re tches  the imagination too far t o  suppose that all  of the 
rocks would be so ' transfused' by gases as t o  yield pumiceous e jec ta  of 
almost uniform composition! 
caldera formation by ins l id ing  of the w a l l s  of cy l indr ica l  conduits cored 
Cylindrical conduits cored from depths of tens  of 
Our conclusion is that Escher's theory of 
< 
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from grea t  depths by tor ren ts  of gas is not supported by f i e l d  or petrographic 
evidence and should be discarded, 
Possible Role of Fluidization i n  the Formation of Calderas 
Reynolds advocated the view that the ring-fractures surrounding the 
caldera of Glencoe were not only enlarged by the coring act ion of r i s i n g  gases 
but that some of the gases were hot enough t o  produce magma from the rocks 
through which they rose, Some of the magma formed in t h i s  way w a s  expelled 
a t  the surface as ignimbrite; the remainder congealed i n  the ring-fractures 
t o  form dikes. These views have since been advocated by Roberts (1963, and 
1966 a and b). I n  h i s  opinion, "build-up of gas pressure i n  depth i n i t i a t e d  
the Glencoe downward-converging ring-fractures", and release of pressure con- 
sequent upon the discharge of ignimbrites from the fractures permitted the 
cent ra l  block t o  subside and produce a caldera. Agreeing with Reynolds, 
Roberts goes on t o  say tha t  the ring dikes of Glencoe "in the main, made 
way f o r  themselves by gas coring rather than by piecemeal stoping". We 
concur i n  t h e i r  opinion and that of W. H. Taubeneck (ora l  communication) 
that the famous " f l i n ty  crush rocks" that border part of one of the Glencoe 
ring dikes were produced by a process of f lu id iza t ion ;  but Reynolds and 
Roberts go much fur ther ,  maintaining that when temperatures were high enough 
the f luidized system of gas and sol id  particles gradually changed t o  a m i x -  
t u r e  of gas and l i qu id  droplets. 
vesiculate  t o  produce shards" and so give r ise  t o  the sheets  of r h y o l i t i c  
ignimbrite present within the Glencoe cauldron. 
of the uprushing gases diminished, "the system passed from the 'entrained' 
t o  the 'expanded' phase, the droplets coalesced t o  form the massive porphyrite" 
of the r ing  dikes. 
"On reaching the surface the droplets  would 
Subsequently, as the veloci ty  
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Consider first the suggestion that the inward-dipping ring fractures 
were formed by accumulation of gas-pressure a t  depth. 
t o  lift the cent ra l  block a t  Glencoe, which a t  the surface measures 20 kilo- 
meters across, could not possibly develop in a magma chamber. The maximum 
pressures measured during h i s to r i c  eruptions from the muzzle-velocities of 
large e jec ta  r a re ly  exceed a few hundred atmospheres and never exceed 1,OOO 
atmospheres. Such pressures would be u t t e r l y  inadequate t o  l i f t  a block of 
the s i z e  of the Glencoe cauldron and keep open the surrounding fractures.  
Moreover, no v io len t ,  high-pressure explosions accompanied the  opening of 
the ring f rac tures ;  had there  been, a ring of large explosion-craters would 
have been formed and vast  deposits of l i t h i c  debr i s  would have accumulated 
ins ide  and outside the cauldron. 
of erosion are massive dikes of porphyrite occupying the ring fractures. 
was not any build-up of gas pressures at depth that produced the ring f rac tures  
but the r ise  of a large body of s i l iceous magma. 
Gas-pressures adequate 
Instead, w h a t  one sees a t  the present leve l  
It 
Nor can w e  accept the view that the ignimbrites originated by vesicu- 
l a t i o n  of droplets  of magma produced by f luidizat ion.  Reynolds says that "the 
f rac tures  would provide escape-routes for  the gas which, i f  its veloci ty  were 
appropriate,  would transport  the melted (transfused) s i a l i c  rocks upward as 
spray (ignimbrite)". 
despi te  t h e i r  high content of gas, are discharged a t  r e l a t ive ly  low pressures. 
The pumice falls t h a t  normally precede the ash- and pumice-flows (ignimbrites) 
represent the high-pressure products of the initial outbursts,  but the ignim- 
b r i t e s  themselves i s s u e  as foaming c l o t s  and spray that r i s e  no more than a 
few hundred or a few thousand meters above the vents before sweeping downslope 
as glowing avalanches. 
Reynolds and Roberts one of t h e i r  charac te r i s t ic  features  would be an abundance 
of l i t h i c  fragments showing a l l  stages of l iquefaction; observations i n  the  f i e l d  
The fact is, however, that probably a l l  ignimbritee, 
If ignimbrites originated i n  the manner proposed by 
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and with the microscope show, however, that while l i t h i c  debris  is common in 
almost all ignimbrites, fragment8 that show p a r t i a l  melting are conspicuouely 
rare, i f  indeed any have been ident i f ied with cer ta inty.  None of the ignim, 
b r i t e  sheets  within the Glencoe cauldron exceeds about 2 cubic kilometers in 
volume; around many calderas,  however, par t icu lar ly  around those of the Valles 
and Toba types, the volumes of the ignimbrites are measurable in hundreds and 
occasionally i n  thousands of cubic kilometers. 
suppose t h a t  these great  volumes of ignimbrite-magma were produced, not by 
the f lu id iz ing  act ion of r i s i n g  gases, but by slow melting of basement rocks 
as a r e s u l t  of increasing temperatures, and that the anatect ic  melts then 
worked t h e i r  way upward gradually u n t i l  they reached l e v e l s  where they could 
dome the overlying rocks t o  open conical f r ac tu res ,  permitting the melts t o  
vesiculate  and so escape a t  the surface as incandescent droplets  and spray. 
It is f a r  more reasonable t o  
Equally untenable is Roberts' view that a6 gas-pressures diminished 
and the veloci ty  of the gases rising up the ring f r ac tu res  was reduced, the 
l i q u i d  droplets  were no longer expelled t o  form ignimbrites but f e l l  back on 
each other t o  accumulate and anneal within the fracture-zones t o  produce the 
porphyrite r i n g  dikes. 
porphyrites suggests such an origin; on the contrary the f l u i d a l  banding para- 
l l e l  t o  the contacts and the chi l led margins suggest that the porphyrites are 
'normal' magmatic intrusions heavily charged with phenocrysts. 
dikes around other calderas- e.& around the Early Caldera of southeast  Mull -- 
were emplaced so forcefully as t o  produce concentric folding i n  the surrounding 
rocks; sure ly  no such deformation could r e s u l t  from dikes produced by f luidiza-  
tion. The w a l l s  of most diatremes admittedly formed by f lu id iza t ion  r a r e l y  
show any s igns of deformation. 
Nothing in the  texture nor i n  the s t ruc ture  of the 
Similar ring 
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Hanner of Collapse 
Locke (1926; f o r  references, see Williams, 1941) pointed out that 
rapid subsidences in mines Cause t he  overlying ground t o  se t t le  en bloc, 
whereas slow subsidences produce many small adjustments so that the roof- 
rocks are broken i n t o  a jumble of fragments as they founder. The size of 
the collapsing body must also be taken i n t o  account. 
or so across,  formed by mineralization stoping, tend t o  be jumbled throughout, 
whereas la rge  pipes, of the order of say 300 meters i n  diameter, may drop as 
cylinders,  showing only minor fracturing and no ro ta t ion  of the fragments. 
Viaser's penetrating analysis (1927) of subsidences in the Bisbee 
Small pipes, 30 meters 
mining d i s t r i c t ,  Arizona, caused as underground ore-bodies shrank through 
oxidation, indicate  that domical f ractures  first develop above the ore, 
allowing successive s h e l l s  t o  spl i t  from the roof. 
p i l e s  up un t i l  it can support most of the weight of the roof, no more domical 
cracks develop; instead, i r regular  cracks develop and these gradually extend 
upward, sha t te r ing  the rocks i n t o  blocks. As the blocks s l i p  downward, they 
r e t a i n  t h e i r  r e l a t i v e  posit ions,  and eventually the whole shattered mass 
slumps along nearly v e r t i c a l  boundary f issures .  
may founder between massive, undisturbed w a l l s .  
e r a l l y  steepen a t  depth, and in the i r  lower parts they d ip  outward. 
When the heap of spalls 
In t h i s  way, a broken mass 
The boundary f issures  gen- 
Somewhat similar processes may be involved during the emptying of 
a magma chamber by rapid and voluminous eruptions of ignimbrite. 
f rac tures  probably develop in the roof of the reservoir  as the l e v e l  of the 
magma is lowered; indeed, diminution of magmatic pressure may well cause 
parts of the roof t o  'backfire' into the reservoir.  Domical cracks would 
then extend upward, sha t te r ing  the roof i n t o  a mass of blocks. 
would tend t o  begin near the center, where the roof was thinnest  and weakest, 
especial ly  if pre-existing conduits rose from the top of the reservoir ,  f o r  
Domical 
Ehgulfment 
-61- 
* 
ins l id ing  of the conduit 
of blocks from the upper 
walls would hasten collapse. 
part of the reservoir  roof would a l s o  be f a c i l i t a t e d  
Stoping and spa l l ing  
by the r i se  of f lu id ,  gas-rich tongues of magma, as the f loo r  of the crater 
of Vesuvius w a 8  undermined and collapsed i n  1913 when, after a ?-year period 
of quiet ,  tongues of f l u i d  lava rose in the cen t r a l  conduit. 
Early i n f a l l  of the central  part of the roof of the reservoir ,  coup- 
led  with ins l id ing  of the walls of cent ra l  conduits may account f o r  the absence 
of central peaks on the  f loors  of calderas formed on the si tes of pre-existing 
cones, i.e. ins ide  calderas of the Krakatoa, Katmai, and Suswa types? No such 
peaks are t o  be expected on the f loors  of calderas of the Valles and Glencoe 
types, nor on the  f loo r s  of volcano-tectonic depressions of the Toba type, 
since these basins do not originate on the s i t e s  of former volcanic cones. 
Tendencies t o  collapse must be accentuated i f  the magma chamber 
is extensive r e l a t i v e  t o  the caldera, i f  i t  l i e s  close t o  the surface, i f  
its roof is gent ly  ra ther  than steeply arched, and i f  it is already punc- 
tured by many conduits. 
site of the caldera was once occupied by a c l u s t e r  of overlapping cones, each 
b u i l t  over a cupola r i s i n g  from a common magma chamber. When explosive erup- 
t ions  of pumice took place, the cupolas were presumably the first t o  be drained 
of magma so that t h e i r  roofs collapsed, ul t imately t o  form the semi-circular 
bays that now indent the  caldera walls; only when enough magma had been drained 
from the m a i n  chamber did the principal collapse take place t o  form the major 
part of the caldera. 
A t  Santorin, as we have noted (page 13) the present 
Precisely how collapse takes place must depend t o  a considerable 
extent  on the  nature and a t t i t udes  of the roof-rocks above the reservoir.  If 
a pre-existing volcanic cone occupies the s i t e  of the incipient  caldera,  most 
of the lava  flows and interbedded fragmental l aye r s  w i l l  dip  outward, and hence 
most of the jo in t s ,  being perpendicular t o  them, w i l l  d ip  inward a t  high angles, 
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providing planes of weakness that f a c i l i t a t e  engulfment. 
in the Bisbee mining d i s t r i c t  that where thick-bedded limestones overlay shrinking 
ore-bodies, the marginal f rac tures  of  the subsided areas were well-defined, but 
where the overlying rocks were thin-bedded limestones, the marginal f rac tures  
were poorly defined and impersistent, forming indef in i te  zones r a the r  than 
clean-cut breaks, 
deras. If the in i t ia l  ring-fractures cu t  thick, massive lavas,  with few o r  
no interbeds of loose fragmental ejecta, the caldera walls are a p t  t o  be s teep  
and well-defined, as they are, for example, in the Masaya and Kilauea calderas;  
if, on the other  hand, the ring-fractures cu t  th in  lava flows separated by many 
fragmental interbeds, the caldera walls are a p t  t o  be much less s teep and t o  be 
somewhat i r regular ,  as they are ,  f o r  example, around Crater Lake. I f  the ring- 
f rac tures  only cut  unconsolidated fragmental l ayers ,  the caldera w a l l s  a re  a p t  
t o  be gent ly  incl ined and t o  be modified by irregular benches and minor slump- 
blocks, 
consolidated or poorly consolidated ejecta, the resu l tan t  caldera is ap t  t o  
be a saucer-shaped coma l i k e  the Pilomasin Basin in Sumatra, the Conca d i  
Bolsena in I t a ly ,  o r  Mono Lake i n  California, 
Wisser (1927) observed 
Similar differences are t o  be expected in the walls of cal- 
Finally,  i f  collapse takes place slowly and intermit tent ly  among un- 
Lithologic var ia t ions among pyroclastic ejecta 
Our concern here is with the products of explosive eruptions assoc- 
i a t ed  with calderas of the Krakatoa and Katmai types on the one hand, and with 
those accompanying calderas of the Valles type and volcano-tectonic depressions 
of the Toba type on the other. 
In v i r t u a l l y  a l l  calderas of the Krakatoan type, a c t i v i t y  begins 
with high-pressure eruptions that hurl l i t h i c  and pumiceous ejecta far above 
the vents t o  fa l l  in showers on h i l l  and valley alike. Consequently, the 
products of the 
that mantle the 
initial eruptions are l i k e l y  t o  form well-s t ra t i f ied sheets  
topography. And because the ejecta are blown high i n t o  the 
atmosphere and dispersed by winds f o r  long distances,  they tend t o  be f a i r l y  
well-sorted as t o  weight and size of constituents. Moreover, an 'eolian 
d i f fe ren t ia t ion '  takes place. Within any given size-range, heavy l i t h i c  
fragments tend t o  fa l l  first, then mafic minerals, followed by f e l s i c  
minerals, and f i n a l l y  by fragments of pumiceous glass. 
the s i z e s  of the l i t h i c  and pumiceous fragments diminish with increasing 
dis tance from the source. 
relationships.  
content of c rys ta l s ,  and the degree of ves icu lar i ty  of the glass; much also 
depends on var ia t ions  in the velocity and direct ion of the winds a t  d i f f e ren t  
levels.  
f a l l s  have been presented by Williams (1941) and Katsui (1963). 
diagrams i l l u s t r a t i n g  the d is t r ibu t ion  and the var ia t ions in thickness and 
grain-size of the pumice-falls re la ted t o  the calderas of Shikotsu and Mashu, 
Hokkaido, are reproduced here for convenience (f igure 26-28) . 
And in general 
But obviously many f ac to r s  tend t o  modify these 
Much depends on the shapes of the pumice fragments, on t h e i r  
More de ta i led  analyses of the characters of deposits l e f t  by pumice 
Katsui's 
In almost a l l  explosive eruptions tha t  lead t o  formation of calderas 
of the Krakatoan type, the initial pumice-falls are followed by less violent  
but more voluminous discharge of foaming magma, the bulk of which pours from 
the vents as a mass of incandescent c l o t s  and spray giving off abundant gas 
a t  high temperature. 
of glowing avalanches, the deposits of which are spoken of as ash flows, 
pumice flows, and scoria  flows, depending on the coarseness and composition 
of the materials,  o r  are referred t o  col lect ively as ignimbrites. 
The turbulent mixture then races downslope in the form 
Because the materials const i tut ing ignimbrites are transported in 
a turbulent manner and are deposited rapidly,  t h e i r  l i t ho log ic  characters 
d i f f e r  notably from those of pumice-falls. In par t icu lar ,  the individual 
* .  
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full line : thickneae contour of the deposit. 
broken line: contour of arerage of maximum grain size of pumice. 
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Fig. 3. Distribution of the Shikotsu pumiee-fall deposit (Spfa-1). 
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Fig. 4. Distribution of the Shikotau pumice-flow deposit (Spfl-1 and 2). 
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Figure 26. Pumice-fall and pumice-flow deposits 
around the Shikotsu caldera, Hokkaido. 
(After Y. Katsui, 1963). 
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Fig. 5. Variation of grain size of the Shikoteu pumicsfall deposit (Spfa-1) and 
the Shikotau pumicucflow depoeit (spfl-2). 
Figure 27. Characters of the  pumice-fall deposi ts  
around the Shikotsu caldera, Hokkaido. 
(After Y. Katsui,  1963). 
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/ HOKKAIDO 
Fig. 7. Map showing the distribution of the MaahG pyroclostic deposita erupted 
during the culminating phue. 
Ash-fall and pumice-fall deponita, Ma-j, i, h and p, are reprewnted by 
lOcm thickness eontour lina; and pumiceflow deposit. Ma-f, is shown 
by dotted area. 
Figure 28. Pyroclastic deposits around the Mashu 
caldera, Hokkaido. (After Y. Katsui, 
1963 1 
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complete lack  of s t r a t i f i c a t i o n  and by being very 
and blocks generally being sca t te red  a t  random i n  
an almost f l ou r l ike  matrix of pumice dust. 
a l l y  i n  the d i s t a l  parts of i gn imbr i t e  sheets ,  and sometimes, owing t o  differen- 
t i a l  rates of advance, s t r a i g h t  and sinuous trains and lenses  of l i t h i c  fragments 
and pumice bombs become concentrated within the finer materials. 
A crude sor t ing  may be seen occasion- 
Some deposits of pyroclastic flows re la ted  t o  Kraktoan calderas  ex- 
h i b i t  crude columar jo in t ing  and various degrees of welding, the pumiceous 
and scoriaceous fragments being annealed and f la t tened  while still hot; such 
fea tures  are developed on a vast ly  larger scale among the pyroclast ic  flows 
related t o  calderas of the Valles type. 
phase c rys t a l l i za t ion  and fumarolic sublimates are not uncommon among the 
pyroclast ic  flows re la ted  t o  calderas of the Krakatoan type, they are far 
more widespread among those related t o  calderas of the Valles type. 
Similarly, while products of vapor- 
It is only close t o  the eruptive vents that any d i f f i c u l t y  arises 
i n  distinguishing between the products of pumice-falls and pumice-flows. 
Ejecta may f a l l  so rapidly and in such large volume close t o  the source 
that the  deposits may be completely uns t r a t i f i ed  and unsorted; indeed they 
may also retain su f f i c i en t  heat t o  produce incipient  welding of the glassy 
const i tuents  and generate secondary fumaroles. 
The voluminous ignimbrites re la ted  to  calderas of the Valles type 
and t o  volcano-tectonic depressions such as Lake Toba and the Taupo Volcanic 
Zone of New Zealand exhibi t  many l i thologic  var ia t ions,  both ve r t i ca l ly  and 
l a t e r a l l y  with respect t o  the source. 
and chemical composition are discussed on a la ter  page; here we note that 
var ia t ions  are t o  be seen in the degree of welding of the deposits,  not only 
Vertical var ia t ions  in crystal-content 
i n  v e r t i c a l  sect ions but within individual sheets  
as they are traced away from the  eruptive vents. 
and compound cooling u n i t s  
Par t icular ly  thorough s tudies  
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by Ross and Bailey a t  the Valles caldera, New Mexico, by Ratt6 and Steven a t  
the Creede caldera,  Colorado, and by other members of the U. S. Geological 
Survey around the calderas of southwest Nevada have provided a wealth of in- 
formation on these variations.  
accumulate rapidly and almost continuously a t  high temperatures, it is d i f f i -  
c u l t  or impossible t o  dis t inguish individual sheets  of ignimbrite or t o  recog- 
n ize  compound cooling uni t s ,  since all gradations can be seen between them. 
Farther from the vents,  however, "the members change l a t e r a l l y  i n t o  less 
welded and less  compacted facies ,  and a l te rna t ing  zones of densely welded 
and p a r t i a l l y  welded tu f f  mark the  change from a simple cooling un i t  t o  com- 
pound cooling uni t s ;  a l s o  near the margins of the deposit, the  ash flows be- 
come inter layered with volcanic rocks from other sources ....... These features 
indicate  episodic accumulation near the margins and possibly r e f l e c t  var ia t ions  
in the in t ens i ty  of the eruptions a t  the source. 
thickness of the ash flows away from the place of t h e i r  or igin and the increase 
in cooling with distance of transport account f o r  the lateral differences i n  
compaction and welding" (Ratt6 and Steven, 1967). 
Close t o  the calderas,  where the deposits 
The decrease in the overal l  
Degrees of compaction and welding are influenced a l s o  by the s t rength 
of the eruptions. 
range seems bes t  explained by the cooling e f f e c t  of mixing with a i r  in a ver t i -  
c a l  eruption column before the a s h  flows formed. The height of the column, and 
hence the amount of mixing may be related t o  a changing vapor pressure in the 
magma. 
grea ter  heat conservation, hence t o  successively higher emplacement tempera- 
t u r e s  during the course of the eruption". 
mgma chambers are tapped by the eruptions, there  is a tendency t o  develop more 
Smith and Bailey (1966) say that "the emplacement temperature 
The evidence implies that a f a l l i n g  vapor pressure is conducive t o  
As deeper and hot te r  l eve l s  of the 
numerous and thinner zones of dense welding within 
sudden increase i n  the content o f l i t h i c  fragments 
the ignimbrite sheets. A 
in a sheet probably r e f l e c t s  
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increase in the in t ens i ty  of the eruptions o r  col lapses  of the w a l l s  of the  
eruptive vents. 
For a de ta i led  account of the l i t ho log ic  var ia t ions exhibited by 
pyroclast ic  flows, the reader should consult papers by Ross and Smith (1961) 
and by Smith (1960) both of which also provide f u l l  bjbliographies. 
I 
Compositions of pyroclastic ejecta 
A l m o s t  a l l  of the fragmental e j ec t a  re la ted  t o  calderas of the Kraka- 
toa, Katmai, and Valles types and t o  volcano-tectonic depressions of the Toba 
type consis t  of s i l i ceous  materials. The most abundant ejecta are rhyo l i t i c ;  
then, in order, follow quartz latites and rhyodacites, daci tes ,  and andesi tes ;  
pyroclast ic  flows of basaltic composition are extremely rare. No case has been 
described in which the erupted magma becomes increasingly s i l i ceous  as a c t i v i t y  
proceeds; the normal sequence is one i n  which the erupted magma not only becomes 
increasingly basic but a l s o  become6 increasingly r i c h  in c rys t a l s  as a c t i v i t y  
continues. 
The pyroclast ic  e jec ta  around a f e w  calderas of the Krakatoa type, 
e.g. Crater Lake and Vesuvius, exhibit  a pronounced increase in bas ic i ty  to- 
ward the close of a b r i e f  eruptive episode, but i n  general the increase is 
s l igh t .  
Valles type, the change in the composition of the magma is re l a t ive ly  s l i g h t ,  
pa r t i cu la r ly  when one considers not only the volumes involved but a l s o  the  
much grea te r  length of the eruptive episodes. 
rhyol i te  t o  quartz lat i te.  
pyroclast ic  flows re la ted  t o  the volcano-tectonic depressions of Sumatra and 
the Taupo Volcanic Zone of New Zealand. 
Among the vas t ly  more voluminous e jec ta  re la ted  t o  calderas of the 
The most common change is from 
The same is t rue  of the still more voluminous 
One of the bes t  examples of these changes is t o  be seen among the 
ejecta discharged p r io r  t o  the formation of Crater Lake. The i n i t i a l  pumice 
f a l l  and the pumice flows that followed consis t  of dac i te  with s i l i ca  percen- 
tages of 66.4 t o  68.9. C r y s t a l s ,  mostly of plagioclase and pyroxene, make up 
approximately 10 t o  15 per cent by volume of the pumice fa l l ;  in the pumice 
flows they make up 20 to  25 per cent. After discharge of the dac i t i c ,  upper 
pa r t  of the magma chamber, composition of the e j ec t a  changed abruptly,  f o r  
the f i n a l  pyroclast ic  flows a r e  composed of basa l t i c  scoria  which were ho t t e r  
than the dac i t i c  flows, some of them being hot enough t o  weld and develop 
columnar s t ruc tures  as they cooled. The silica-percentage of these flows 
of basic scor ia  ranges from 53.9 t o  56.9, and t h e i r  bulk composition closely 
resembles that of the o l iv ine  b a s a l t s  that make up numerous cinder cones in 
the v ic in i ty .  
wide l i m i t s ;  nowhere is i t  as l o w  a s  i n  the dac i te  pumice, and usually i t  
ranges from about 40 t o  60 per cent; moreover, hornblende replaces pyroxene 
as the  dominant mafic mineral. 
The crystal-content of the scor ia  flows var ies  rapidly within 
A second i l l u s t r a t i o n  is provided by Katsui's study of the e j ec t a  
of the Shikotsu caldera i n  Hokkaido. 
rhyo l i t e  with a s i l ica  percentage o f  72.41; then followed more voluminous 
pumice flows of dac i te  with an average s i l ica  percentage of 70.87; f i n a l l y  
there  were smaller pumice flows of f e l s i c  andesite with a s i l ica  percentage 
of 63.46. 
"he i n i t i a l  pumice f a l l  consisted of 
One more example of variation in the products of Krakatoan erup- 
t i ons  leading t o  caldera formation must suf f ice ,  namely the ejecta discharged 
by Vesuvius during the great eruption of 79 A.D., when the summit of the vol- 
cano collapsed t o  produce the amphitheatre of Monte Somma. The initial erup- 
t ions  followed a long period of quiet during which d i f fe ren t ia t ion  i n  the 
mag= chamber l e d  t o  a concentration of l i g h t e r ,  more gas-rich l aye r s  above 
darker, more basic and crystal-rich layers.  
of white leucite-pbonolite pumice ( R . I .  - 1.509; Si02 - 53.46%; t o t a l  alkalis - 
Hence the first ejecta consisted 
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14.1%) admixed with abundant l i t h i c  fragments torn from the walls of the conduit. 
As a c t i v i t y  continued and lower leve ls  of the reservoir  were tapped, the pumice 
changed t o  a l i g h t  gray color and became more basic  ( R . I .  0 1.5181, and the 
l i t h i c  fragments included b i t s  of Eocene limestone torn from a depth of about 
a kilometer below sea level.  
pumice ( R . I .  - 1.525) admixed w i t h  l i t h i c  fragments of metamorphosed Triassic 
dolomites and co-magmatic plutonic rocks, torn from the roof of the reservoir  
at depths of between 5 and 6 kilometers below sea level .  
pumice falls covered Pompeii t o  a depth of 260 CI. 
produced sandy comminuted material from the conduit walls, together with a 
l i t t l e  fragmented lava", the debris f a l l i n g  on Pompeii t o  a thickness of 5 cm. 
During the  br ie f  pause that followed, parts of the conduit-walls caved inward, 
and some of the debr i s  w a s  blown o u t  as l i t h i c  ash by the next explosions, 
forming a layer  3 cm. thick, 
great ly ,  and f ine ly  divided ash (R.I. - 1.535) w a s  blown out i n  vas t  quantity,  
some of it f a l l i n g  on Pompeii t o  a thickness of 64 cm, 
the eruptions mixed with falling ash t o  produce p i so l i t e s ,  and, ul t imately 
the watersoaked debr i s  formed devastating lahars that swept down the  west 
s ide  of the  volcano t o  bury the town of Herculaneum. Analysis of the teph- 
r i t i c  leuc i te  phonolite from Herculaneum shows a s i l ica  percentage of 51.64 
and a to ta l -a lka l i  content of 12.22 per cent. Thereafter, the in t ens i ty  of 
the eruptions gradually diminished, apparently ending with an outflow of 
l e u c i t e  t ephr i t e  lava (Si02 - 49.19%; t o t a l  alkalis - 8.90%) from the northern 
foot  of the volcano. The roof of the reservoir  then collapsed, carrying with 
i t  the top of the volcano and leaving in its place the caldera of Monte So- 
(Rittmann, 1962). 
Then followed greenish gray, still more basic 
All told,  these 
An ensuing "gas b l a s t  
The in t ens i ty  of the eruptions then increased 
Rains f a l l i n g  during 
All of the voluminous pyroclastic flows re la ted  t o  calderas  of the 
Valles type a l s o  show a general tendency toward an increase in crystal-content 
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and a corresponding decrease i n  silica-content. 
the ash flows const i tut ing the Upper Bandelier R\ff of the Valles caldera 
contains only 5 per cent phenocrysts, whereas in the first three sub-units 
of the overlying ash flows the content of phenocrysts increases t o  35 per  
cent. 
eruptions t o  a temporary halt. 
t o t a l  discharge was erupted t o  produce sub-units 4 and 5, the content of 
phenocrysts remained a t  approximately 20 per cent. 
f e l l  from about 77 i n  subunit 3 to  about 72 i n  subunit 5;  concomitantly 
there  w a s  a progressive decrease i n  t o t a l  alkalies and a complementary 
decrease in FeO re l a t ive  to  Mgo. 
trends (Smith and Bailey, 1966). 
A t  the  Creede caldera, the first 100 cubic kilometers of ash flows 
The ash f a l l  that preceded 
Partial foundering of the roof of the reservoir  then brought the 
Subsequently, while the last th i rd  of the 
The s i l ica  percentage 
The Lower Bandelier Tuff reveals  similar 
cons is t  of rhyol i te ;  these were discharged during ear ly  stages of collapse; 
then, as the f loo r  of the caldera continued t o  s ink,  crystal-r ich ash flows 
of quartz la t i te  were discharged, to ta l ing  400 cubic kilometers in volume. 
Many of the la rge  ash flows associated with the Valles-type calderas  
of southwest Nevada show a pronounced upward increase in the number of pheno- 
c r y s t s  (Lipman, e t  al., 1966). 
poor rhyol i te  grades upward i n t o  crystal-rich quartz latite. 
changes appear t o  r e f l e c t  ve r t i ca l  var ia t ions in the magmas from which the ash- 
flow sheets  were erupted". One sheet, the Tonopah Springs Member of the Paint- 
brush Tuff of Miocene (?) and Pliocene age is typical. 
compound cooling un i t  which or iginal ly  covered about 700 square miles and had a 
volume of about 40 cubic miles ....... The principal  compositional zonation of 
the t u f f s  is from basal crystal-poor rhyol i te  (77 per cent SiO,; 1 per  cent 
"In each of these zoned sheets ,  basal  crystal-  
These compositional 
This is a "multiple-flow 
phenocrysts) to  capping crystal-rich quartz l a t i t e  
cent  phenocrysts). In  addition, concentrations of 
(69 per cent Sio,; 21 per 
pumice blocks and l i t h i c  
inclusions vary systematically, 
unitsvt.  The upward increase i n  
permitting recognition of a t  least  s ix  flow 
the content of c rys t a l s  is accompanied by 
systematic var ia t ions i n  t h e i r  proportions. "In crystal-poor rhyol i te ,  
plagioclase and alkali feldspar occur in subequal amounts and clinopyroxene 
is absent; in crystal-r ich quartz la t i te ,  a lkal i  feldspar is more abundant 
than plagioclase,  and clinopyroxene is conspicuous ....... Crystal l izat ion 
had progressed fur ther  in the quartz lat i te than i n  the rhyol i te  a t  the time 
of eruption. Three-fourths of the chemical var ia t ion r e s u l t s  from differences 
in groundmass composition ra ther  than differences in phenocryst content". A l l  
of the  var ia t ions  j u s t  mentioned are explicable in two ways, according t o  Lip- 
man -- et al., namely: 
i n t o  a larger continuous mag= body underlying the erupted pa r t ,  and 2) frac- 
t i ona l  anatectic melting of s i a l i c  crust". 
together . 
1) Fractional c rys ta l l iza t ion  and the s e t t l i n g  of c r y s t a l s  
Both processes probably operated 
Volumes of Pyroclastic Ejecta 
The volume of ejecta discharged explosively during and p r i o r  t o  
the formation of most calderas of the Krakatoan, Katmai, and Valles types 
approximates the volume of araterial engulfed, when the volume of the pumi- 
ceous and scoriaceous g lass  fragments is recalculated as l iqu id  magma and 
allowance is made f o r  the  content of c rys t a l s  and of old l i t h i c  debris. 
The caldera of Crater Iake, Oregon, provides a notable exception t o  t h i s  
rule, for, as noted e a r l i e r  (pp. 10-121, the  volume of the mountain that 
collapsed exceeds the volume of magmatic and l i t h i c  ejecta by approximately 
20 kps. 
counted f o r  by subterranean withdrawal of magma from the feeding reservoir.  
In such instances, i t  must be assumed that the discrepancy is ac- 
Smith (1960) has pointed out that the  volumes of ash-flow deposi ts  
associated with calderas of the Krakatoa type, i.e. those formed an the  s i tes  
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of pre-existing volcanoes r a re ly  exceed 50 km 3 ., though the pyroclast ic  flows 
surrounding the Japanese caldera of Shikotsu have twice that volume. 
i t  is t rue  of almost all calderas of the Krakatoa type that the volume of the 
associated ash- and pumice-flow (glowing avalanche) deposits grea t ly  exceeds 
that of the preceding ash- and pumice-fall deposits,  there are several  excep- 
t ions,  e.g. the Crater Lake and Lake Coatepeque calderas, already described. 
Most calderas l i e  within or close t o  ocean basins; hence it is often 
And while 
d i f f i c u l t  and sometimes impossible t o  calculate  exactly the volumes of the  
pyroclast ic  ejecta involved in the i r  formation. It is commonly sa id ,  f o r  ex- 
ample, that 18 km 3 . of pumice were erupted p r i o r  t o  the formation of the cal- 
dera of Krakatoa in 1883, and some have maintained that t h i s  volume equals that 
of the caldera i tself .  
crude estimate can be made of the volume of the preliminary pumice showers, 
even though most of them f e l l  i n t o  the sea, the volume of the succeeding pumice 
flows remains unknown because most of t h e i r  deposits were l a i d  down on the  
ocean floor. 
But t h i s  can be no more than speculation, f o r  while a 
The most voluminous pyroclastic ejecta re la ted  t o  a caldera of the 
Krakatoa type are those that surround Shikotsu caldera, Hokkaido, Katsui 
(1963), i n  h i s  thorough study of t h i s  caldera, calculated the volumes of 
the ejecta as follows: 
V O ~ .  Mean of Mars Li th ic  fragments Juvenile e j e c t a  
km . apparent 109 tons &$s density 10 tons 
Pumice flows 100 1.3 130 17.0 113 
Pumice fa l l  25 0*5 12.5 0*5 12 
8.8 52 
Volume of collapsed material: approximately 80 km 3 . 
3 
3.  dry l iquid plus  l i t h i c  fragments - approximately 60 km wet l iqu id  p lus  l i t h i c  fragments - approximately 80 km . Volume of erupted material: 
made up 5 
volume of 
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Katsui assumed that j u s t  before the Shikotsu eruptions began, water 
per cent by weight of the  magma; t h i s ,  however, would increase the 
the magma only very s l igh t ly  i f  the water were all in solut ion;  only 
if the  magma had begun t o  vesiculate could its volume have been increased by 
the amount which Katsui suggests. 
The volumes of pyroclastic flows re la ted  t o  calderas  of the Valles 
type and t o  volcano-tectonic depressions are generally much greater than those 
j u s t  enumerated f o r  calderas of Krakatoan type. 
the pyroclast ic  flows around the Aira and Aso calderas of Kyusyu each approxi- 
mate 110 km , The Toledo caldera, adjoining the Valles caldera of New Mexico, 
w a s  formed during and following the discharge of 200 km . of ash flows; and 
the Upper Bandelier Tuffs, related t o  the Valles caldera, a l s o  had a volume 
of 200 d. 
caldera have a thickness of no less than 2,000 meters and a volume of 400 km . 
The Timber Mountain ash  flow of southwest Nevada approximates 2,000 km . in 
volume. 
For example, the  volumes of 
3 
3 
The final sequence of ash-flow t u f f s  l a i d  down within the Creede 
3 
3 
The volcano-tectonic depression that holds Lake Toba, Sumatra, re- 
3 su l ted  from collapse accompanying and following discharge of 2,000 km . of 
r h y o l i t i c  pumice, and s tudies  now being made i n  the Yellowstone region, 
Wyoming, suggest the presence of similar deposits of comparable volume. 
Finally,  the volume of pyroclastic flows in the Mogollon Plateau of New 
Mexico, one of the l a rges t  ignimbrite f i e l d s  i n  the world, is calculated 
t o  be approximately 8,000 km . (Elston, 1965). 
Augustin, 'a grabenlike s t ruc ture  probably l a rge r  than the Toba depression" 
w a s  formed by collapse associated with some of the eruptions, and perhaps 
a major caldera is a l s o  present in the area, 
3 Perhaps the P la ins  of San 
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Pos t-Caldera Eruptions 
Within calderas that originate on the s i t e s  of former composite vol- 
canoes, i.e. within calderas of the Krakatoa, Katmai ,  and Suswa types, i t  is 
common t o  see post-caldera domes and cones, but it is only i n  calderas of the 
Valles type and in volcano-tectonic depressions of the Toba type that one sees 
"resurgent domes". 
Less  than f i v e  years  a f t e r  the caldera of Katmai was formed, a small 
cone of andesi te  w a s  b u i l t  on the f loor ,  s ignifying a return of andesi t ic  magma 
t o  the cent ra l  conduit a f t e r  it had been drained i n  1912 t o  mingle with rhyo- 
l i t i c  nragma in the adjacent fissure-system crossing the Valley of Ten Thousand 
Smokes. 
Forty-two years a f t e r  the eruptions of dac i te  pumice that led  to  the 
formation of the caldera of Krakatoa in  1883, a basa l t i c  cone, Anak Krakatoa, 
rose from the f loor  and still continues t o  erupt. Approximately 1,300 years 
a f t e r  the caldera of Santorin was formed, dac i te  domes were b u i l t  on a horst  
crossing the f loor ,  and ever since, at long in te rva ls ,  similar domes have 
r i s e n  t o  add t o  the s ize  of a coalescing group. 
w a s  formed in 79 A.D., but i t  was not unti l  1631 that the cone of Vesuvius 
began t o  grow in its center. A period of quiet  of unknown length followed 
the formation of the caldera of Crater Lake, Oregon; eruptions of andesi t ic  
lava and scor ia  then produced the submerged Merriam Cone and Wizard Island, 
and a Pelean dome of glassy daci te  was b u i l t  on the  f loo r  of the lake. 
The caldera of Monte Somma 
In  most calderas, including those j u s t  mentioned, the i n t e r i o r  
cones and domes show no apparent control by tectonic  structures in the basement- 
rocks. I n  some calderas,  however, the l o c i  of intra-caldera eruptions seem t o  be 
determined by pre-existing structures.  
caldera,  Honsyu, f o r  example, are aligned in a north-northwest direct ion,  para- 
The domes and cones within the Towada 
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l l e l  t o  a f a u l t  that displaces the oldest  rocks on the w a l l s  of the caldera. 
Cones within the Suswa caldera, Kenya, the Shikotsu and Aso calderas,  Japan, 
and the Newberry caldera,  Oregon, likewise show alignments that r e f l e c t  struc- 
t u r a l  t rends i n  the basement-rocks. 
Domes and cones may be bu i l t  over ring-fractures at  or close t o  the 
margins of calderas. 
peque in  El Salvador provide an example; so do the lava-scoria cones close t o  
the w a l l s  of Askja caldera in Iceland. 
Rhyolite domes within the caldera that holds Lake Coate- 
(See f igures  7, 8, 29 and 30). 
Few calderas of the Valles type contain composite or scor ia  cones 
of andes i t ic  or basa l t i c  composition, the Aso caldera in Kyusyu being one of 
the exceptions. 
or quartz lat i te.  
in the "aupo Volcanic Zone of New Zealand, or within the moats between the  
caldera w a l l s  and the cent ra l  'resurgent domes'. 
moat-domes are i l l u s t r a t e d  in f igures  8 and 11. 
On the  other hand, many of them contain domes of rhyol i te  
These may r ise  from the rims of the calderas,  as some do 
Examples of such ring- or 
'Resurgent domes' were f i r s t  recognized by van Bemmelen within the 
Lake Toba depression, Sumatra, and  many have s ince been discovered in calderas 
of the V a l l e s  type in Nevada, Colorado, and New Mexico, though, fo r  reasons 
not understood, none seem t o  be present in New Zealand o r  Japan. 
gent domes' r e s u l t  from u p l i f t  of the f loo r s  of the calderas by large, r i s i n g  
bodies of s i l i ceous  magma, and, as noted already, the s t ruc tu ra l  u p l i f t s  may 
exceed 1,OOO meters. 
they rise, and ap ica l  grabens are commonly produced, running along the major 
axes of the domes, probably following s t ruc tu ra l  trends in the  sub-volcanic 
basement. 
the later s tages  of domical u p l i f t  and subsequently, they may a l s o  i s s u e  from 
These 'resur- 
Complex fractures  develop on the flanks of the domes as 
Viscous, s i l i ceous  lavas may be erupted from these f rac tures  during 
ring-fractures 
domes. 
beneath the encircling moats t o  form thick flows or bulbous 
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Geophysical Studies of Calderas 
Much e f f o r t  has been directed t o  geophysical s tud ie s  of calderas,  
mainly by gravi ty  and magnetic methods, especial ly  in H a w a i i  and Japan; a 
few geophysical s tud ies  have a l s o  been made in volcano-tectonic depressions 
in the  continental  United S ta t e s  and in New Zealand. Data are summarized 
in Table 1. 
Krakatoan Calderas 
By far the grea tes t  number of calderas f o r  which geophysical data 
are avai lable  are those associated with voluminous explosive eruptions of 
s i l i ceous  magma, i.e. with voluminous pumice-falls and pumice-flows. A 
wide range of s t ruc tu res  has been included in  t h i s  category, as noted al- 
ready. Some Japanese calderas, such as Aso, Aira, Kuttyaro, and A k a n ,  
resemble the Valles caldera of New Mexico, being largely independent of 
pre-existing composite volcanoes, though some are so large that it is dif-  
f i c u l t  t o  be sure. Smaller calderas, such as Towada and Hakone, seem t o  
have originated,  as did Crater Lake, Oregon, near the  centers of la rge  
mature volcanoes a t  the culmination of long magmatic his tor ies .  
The foregoing calderas are d i f f i c u l t  t o  dis t inguish on a geophysical 
basis. 
within broader a reas  of uparched basement-rocks. Several r e l a t ive ly  small 
Japanese calderas,  f o r  example, Toya, are surrounded by a regional gravi ty  
high (figure 31). 
caldera and a broad magnetic anomaly trending along the volcanic b e l t  toward 
Kuttyaro caldera a l s o  seem t o  r e f l e c t  large-scale basement-highs. But no com- 
parable gravi ty  highs surround very la rge  calderas,  such as Aso, Kuttyaro, and 
Yokoyama (1966) has pointed out that some of the smaller ones formed 
Seismic ref lect ion p ro f i l e s  on the  flank of the Shikotsu 
* 4 7,O 
5Km 
.48.7 
Figure 31. Distribution of  the Bouguer anomalies 
in mgal on and around Toya Caldera (not 
corrected for  topography) . 
. 
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Table 1. Gravity anomalies  associated with calderas 
Group A. Calderas associated with voluminous eruptions of s i l i ceous  tephra. 
Towada, Honsyu 
Hakone, Honsyu 
Crater Lake, Oregon 
Akan, Hokkaido 
Kuttyaro, Hokkaido 
Toya, Hokkaido 
Aso, K y u s y u  
Aira, Kyusyu 
Shikotsu, Hokkaido 
Apoyo, Nicaragua 
e 
8 x 9  km 
10 x 10 km 
8 x 9.7 km 
13 x 24 km 
20 x 27 km 
10 x 10 km 
16 x 23 km 
20 x 20 km 
15 x 15 krn 
5 x 5.5 km 
Gravity Anomaly 
-10 mgd 
-10 mgal 
0 to -5 mgal 
-25 m g d  
-16 
-14 
-20 
-30 
-20 
+30 
Reference 
Yokoyama (1965) 
Yokoyama ( 1 9 6 5 ~  
Blank ( i n  press)  
Yokoyama (1958) 
Yokoyama (1958 1 
Yokoyama (1965a) 
Yokoyama (1963) 
Yokoyama (1961 
Yokoyama (19652, ) 
Richards (unpublished) 
Group B. Calderas associated with voluminous eruptions of basa l t ic  lavas.  
0-sima, Japan 
- Size Gravity Anomal~ Reference 
3 X 4 k m  + 9  Yokoyama (1957 1 
Masaya , Nicaragua 1 1 x 6 k a  +25 Richards (unpublished 
Kinoshita, e t  al. (1963) 
Kinoshita, e t  al. (1963) 
--blauna Loa, H a w a i i  4.5 x 2.6 km +lo0 
--Kilauea, H a w a i i  4.4 x 3 km +60 
Lanai, Hawaiian Islands 3 X 4 k m  +40 f i ivoy  & Lane (1965) 
Kauai (Olokele caldera) 16 x 20 km +90 Krivoy, e t  &.(1965) 
Note: Gravity anomalies given f o r  H a w a i i a n  calderas are the 
maximum Bouguer anomalies f o r  t‘ne volcano above an 
average value a t  sea level.  In  most cases the center 
of the gravi ty  h i g h i s  eccentric t o  the caldera and 
m y  l i e  outs ide the boundary f au l t s .  
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pyroclast ic  materials on the outer f lanks of these great calderas. 
This may be due t o  the masking e f f ec t  of great masses of low densi ty  
Attempts t o  interpret the s t ruc tures  of calderas of the Krakatoa 
and Valles types from gravi ty  and magnetic data have thus far had only l i m i -  
ted success. 
the central  block and the surrounding rocks makes i t  d i f f i c u l t  or impossible 
t o  interpret the a t t i t u d e  of the boundary f a u l t s  or of la rge  intrusions within 
the calderas. 
inward at  very low angles, on the  assumption that they separate l i g h t  super- 
f i c i a l  pyroclast ic  materials on the floor from under-lying denser rocks. 
However, the contacts may be en t i re ly  deposit ional and have l i t t l e  r e l a t ion  
t o  the major s t ruc tures  of the underlying rocks. I f  the boundary f a u l t s  do 
indeed d i p  inward at  very low angles, it is d i f f i c u l t  t o  see how large-scale 
subsidences could have taken place. 
The absence of a strong density o r  magnetic contrast  between 
Yokoyama (1963, 1965) concluded that the boundary f a u l t s  d ip  
Calderas of the Krakatoan and Valles type are often sa id  t o  be 
characterized by negative gravi ty  anomalies, t h i s  feature supposedly dis- 
t inguishing them from other types of calderas. 
based on the negative anomalies measured in each of nine Japanese calderas 
of the  Krakatoan-Valles type. 
caldera,  Apoyo, which are of the Krakatoan type, show l i t t l e ,  i f  any negative 
anomaly or even a strong posi t ive anomaly. 
common among calderas l i k e  Krakatw and Valles, but they appear t o  r e s u l t  
more from super f ic ia l  low density material on the caldera f loo r s  than from 
major mass deficiencies  in the in te rna l  s t ructures .  Most of the anomalies 
can be explained by a f e w  hundred or a t  most a few thousand meters of loose 
pyroclast ic  and sedimentary debris on the caldera floors.  
served negative anomaly is that of Kuttyaro, where a d r i l l  hole through the 
f loo r  penetrated 1,OOO meters of pumice and poorly consolidated materials. 
This conclusion has been 
However, Crater Lake, Oregon, and the Nicaraguan 
Negative anomalies are ce r t a in ly  
The l a rges t  ob- 
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Other calderas,  such as Crater Lake and 
a thin veneer of recent sediments, show 
Apoyo, which are believed t o  have only 
l i t t l e  or no negative anomaly, Accumu- 
l a t i o n  of pyroclastic and sedimentary material is probably grea tes t  within cal- 
deras formed by repeated eruptions and by in te rmi t ten t  subsidences, as in many 
calderas of the Valles type where thick sheets  of ignimbrite accumulate while 
the f loo r s  subside. 
Magnetic data indicate  l i t t l e  contrast  i n  the physical propert ies  
of rocks inside and outside calderas of the Krakatoan and Valles types; they 
a l s o  indicate  that in general the  intra-caldera f i l l i n g  of loose material is 
re l a t ive ly  shallow. Magnetic surveys have been made of 14 Japanese calderas  
of the Krakatoan and Valles types, and in many there is l i t t l e ,  i f  any ref lec-  
t ion of the boundary fau l t s .  Basement s t r u c t u r e s  seem to  pass from the sur- 
rounding region through the calderas with l i t t l e  o f f se t  o r  difference in in- 
tensity.  
nese calderas,  such as Shikotsu and Mashu, but they do not correspond t o  posi- 
t i v e  gravi ty  anomalies. They have been interpreted as post-caldera intrusions 
or buried cones too small t o  be detected by gravi ty  measurements on the lake- 
shores. 
Smll but sharp magnetic highs have been detected within some Japa- 
Hawaiian (Kilauean Calderas 
Most calderas associated with basic lavas  are on oceanic sh ie ld  
volcanoes, and nearly all studied by geophysical means are in the Hawaiian 
Islands, 0-sima in Japan, and Masaya i n  Nicaragua, seem t o  be the only 
other  basa l t i c  calderas f o r  which gravi ty  and magnetic data are available,  
All calderas of t h i s  type show posit ive gravi ty  anomalies (Table 1). 
Large posi t ive gravi ty  anomalies are associated with each of the 
major volcanoes in the Hawaiian Islands, even though many of them lack 
b -79- 
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summit-calderas. 
with respect t o  the caldera,  and there is no apparent r e l a t ion  between the 
boundary f a u l t s  of the  calderas and the  gravi ty  gradients. Gravity p r o f i l e s  
show smooth slopes, not unlike the topographic slopes of the sh ie lds  ( f igure 
32). 
between the calderas and the posi t ive gravi ty  anomalies. 
The center  of  the anomaly on several  volcanoes is eccentr ic  
It may be somewhat a rb i t ra ry ,  therefore,  t o  i n f e r  a d i r e c t  re la t ionship 
No l a rge  sh ie ld  volcano is associated with the %says caldera, 
Nicaragua; nevertheless, a posit ive gravi ty  anomaly coincides almost exactly 
with the caldera. A t  0-sima, however, the r e l a t ive ly  small posi t ive anomaly 
coincides with the caldera only near its western edge; elsewhere i t  shows no 
,apparent control  by the surface s t r u c t u r e  (figure 33) .  
Magnetic surveys of Hawaiian volcanoes show a s t rongly magnetized 
mass beneath the summit-regions and rift zones, but no clear re la t ion  to  the 
calderas. 
c r a t e r  of a cone close t o  the southern margin of the caldera, No s igni f icant  
magnetic anomaly was detected in t h e  Masaya caldera, other than that produced 
by a l a rge  adjacent fau l t .  These l imited data suggest that magnetic anomalies 
are associated with cones and sh ie lds  but are not d i s t i nc t ive  features of cal- 
deras. 
0-sima has a similar magnetic dipole centered over the summit- 
Macdonald (1965) has pointed out that the mechanism of caldera for- 
mation in Hawaii cannot be d i rec t ly  re la ted  t o  the l a rge  dense masses respon- 
s i b l e  f o r  the gravi ty  and magnetic anomalies. 
detectable  subsidence immediately above t h e i r  centers,  whereas several  calderas 
are subs tan t ia l ly  o f f se t  from the  centers of the anomalies. 
ever, that subsidence and spreading of a dense, olivine-rich in t rus ive  mass, 
formed by crystal-accumulation or by upwelling of material from the mantle, 
may cause widespread distension of the flanks and summit-regions of sh ie ld  
volcanoes, 
Many strong anomalies have no 
He suggests, how- 
I I 
Figure 32. Bouguer gravity-anomaly map of the 
i s land  of Hawaii. 
Figure 33. Distribution of the Bouguer anomaly in 
mgal (adopting the modified Bouguer 
corrections 1. 
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Measurements of l eve l  and of 
demonstrated tha t  important changes in 
t i l t ing around Kilauea caldera have 
the shape of the volcano take place 
during eruptive cycles. 
changes of incl inat ion as small as 1 mm. in 5 km., and electronic  measure- 
ment of distances across the caldera detect  horizontal  changes as small as 
4 t o  7 p a r t s  per million (Eaton, 1959 and 1962; Decker, e t  al., 1966). Long 
before summit-eruptions, the volcano swells, so that there is increased out- 
ward tilt of the flanks and lateral spreading of the summit. When magma is 
drained by eruptions of lava from adjacent rift zones, the  volcano def la tes  
t o  nearly its or ig ina l  form. Uparching of the summit, by widening the frac- 
t u r e s  surrounding the caldera, permits the f loo r  t o  subside. 
suggests, f o r  instance,  tha t  collapse of the f loo r  of the p i t  of Halemaumau 
within the caldera of Kilauea i n  1924, and the basining of the caldera f loo r  
in 1868 and 1894 resul ted from distension of the summit region during erup- 
t i ve  cycles. 
Tiltmeters around the flanks of the caldera de tec t  
Macdonald (1965) 
Calderas associated with mixed effusive and explosive eruptions (Glencoe type) 
Quaternary calderas  of the Glencoe type are extremely rare; the only 
one that seems t o  have been studied geophysically is the Newberry caldera i n  
cent ra l  Oregon, but r e s u l t s  of gravity and madetic surveys now being made 
under the direct ion of H. R. Blank are not yet  available. 
Volcano- tec  tonic depressions (Toba type ) 
A few geophysical s tudies  have been made of large depressions of 
the Toba type. 
depression re la ted  t o  the eruption of the Pleistocene Bishop Tuff (ignimbrite), 
was recent ly  studied by Pakiser (1962). 
For example, Long Valley, California,  an e l l i p t i c a l  collapse- 
H e  found a negative anomaly with a 
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maximum gravi ty  relief of 78 mgal., and a s m a l l  but prominent high near the 
center of the gravi ty  low. 
with a sharp cent ra l  peak corresponding t o  the small gravi ty  high. 
calculated that an igneous body large enough t o  produce the magnetic high 
must l i e  a t  a depth of about 1,OOO meters. And he suggested that the com- 
bined magnetic and gravi ty  data,  re la ted by Gauss’s theorem, could be pro- 
duced by Cenozoic deposits with a volume of 1,840 cubic kilometers and a 
density 0.4 g. per cm . less  than that of the surrounding pre-Tertiary rocks. 
Mono Basin, a few kilometers north of Long Valley, although not re- 
Magnetic p ro f i l e s  showed a high over the valley,  
Pakiser 
3 
l a t e d  t o  a single, voluminous ignimbrite-eruption, seems t o  have been formed 
by subsidence during repeated eruptions of pumice and lava. 
t ive  gravi ty  anomaly of about 50 mgal.  
a s t ruc tu ra l  depression about 5 t o  7 kilometers deep. 
Christensen and Gilbert  (personal communication) indicate ,  however, that the 
depth of the Cenozoic deposits w i t h i n  the basin is very much less. 
It shows a nega- 
I n  Pakiser’s opinion, the basin occupies 
More recent s tud ies  by 
The Taupo volcanic depression i n  the North Island of New Zealand is 
probably the best  studied volcano-tectonic depression i n  the world. Gravity 
and magnetic surveys have been carr ied out with spec ia l  a t ten t ion  t o  the hydro- 
thermal region around Wairakei and Lake Taupo. 
by an elongated gravi ty  low t ha t  branches from a much la rger  gravi ty  low covering 
mst of the eastern s ide  of the North Island. The st ructure ,  which trends north- 
northwest through Lakes “aupo and Rotorua, has a gravi ty  relief of 50 t o  60 mgal. 
The anomaly diminishes i n  in tens i ty  northward, becoming ind i s t inc t  near the ande- 
s i t i c  volcanoes close t o  the north coast of the island. The gravi ty  and magnetic 
pattern is very complex on a l oca l  scale, with many sharp highs and other irregu- 
l a r i t i es  superposed on the over-all pattern.  
correspond t o  strong magnetic highs and are therefore interpreted as shallow in- 
The Taupo depression is marked 
In some places,  the gravi ty  highs 
I 
1 
z 
I 
1 
1 
1 
1 
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trusive bodies or buried cones; elsewhere, no clear magnetic anomaly is associ- 
ated with the gravity highs, perhaps because of the intense hydrothermal altera- 
t ion t o  which the rocks have been subjected. 
' B  
I .  
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